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a b s t r a c t
Minimally invasive methods for estimating hormone concentrations in wild vertebrates offer the opportunity to repeatedly measure behavior and hormone concentrations within individuals while minimizing
experimenter interference during sample collection. We examined three steroid hormones (corticosterone, CORT; 17-b estradiol, E2; progesterone, PROG) in túngara frogs (Physalaemus pustulosus) using
non-invasive water-borne methods. Using solid-phase extraction of water samples and liquid extraction
of plasma and homogenate samples, coupled with enzyme immunoassays, we complimented the conventional validation approaches (parallelism, recovery determination) with dose-response assays that incorporated pharmacological challenges with adrenocorticotropic hormone (ACTH) and human chorionic
gonadotropin (HCG). We also compared steroid concentrations in water to those observed in plasma
and whole body homogenates. Lastly, we identified the constituent steroids in each sample type with
a panel targeting 30 steroid species using high performance liquid chromatography-mass spectrometry
(HPLC-MS). We found that a 60-min water-bath captures physiologically relevant changes in concentrations of CORT, E2 and PROG. Peak levels of water-borne CORT were found at approximately 2 h after ACTH
injection. Water-borne CORT and E2 concentrations were positively correlated with their plasma and
homogenate equivalents, while water-borne PROG was uncorrelated with homogenate PROG concentrations but negatively correlated with homogenate E2 concentrations. Together, our findings indicate that
sampling water-borne hormones presents a non-invasive and biologically informative approach that will
be useful for behavioral endocrinologists and conservation physiologists.
Ó 2018 Elsevier Inc. All rights reserved.

1. Introduction
As habitat destruction increases globally, a large number of
vertebrate species are experiencing the sublethal and lethal effects
of anthropogenic environmental degradation. Some of these
threats—such as endocrine disruptors—are known to chronically
dysregulate gonadal and adrenal endocrine systems (reviewed in
Hayes et al., 2006; McMahon et al., 2011; León-Olea et al., 2014;
McMahon et al., 2017). Many others, such as the spread of diseases such as chytrid fungus (reviewed in Van Rooij et al., 2015)
and noise pollution (Blickley et al., 2012; Tennessen et al.,
2014), can acutely interfere with reproductive and stress
endocrinology. Population declines may arise due to the sublethal
impacts of anthropogenic stressors, such as pesticides, on adult
breeders or developing animals (Hayes et al., 2002), and these
may in turn be mediated by major endocrine systems including
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the hypothalamic-pituitaryadrenal axis (or -interrenal in amphibians; HPA and HPI) and hypothalamic-pituitary-gonadal axis
(HPG). The emerging field of conservation physiology focuses in
part on developing and deploying non-destructive methods for
detecting and measuring perturbations in reproductive and stress
endocrinology.
The health of animal populations hinges on successful reproduction and coping with stressors. Although acute activation of
the endocrine stress response represents a critical adaptation for
coping with unpredictable events (noxious and non-noxious)
encountered during normal life (Breuner and Hahn, 2003;
Cockrem and Silverin, 2002; Thaker et al., 2009; Koolhaas et al.,
2011), the impacts of chronically elevated stress hormones (glucocorticoids; CORT) can have a variety of deleterious effects, including suppression of both the immune system (Sapolsky et al., 2000)
and reproduction through interactions with the HPG axis (McEwen
and Wingfield, 2003), decreased growth rates, protracted periods
of development and diminished sensitivity to endocrine secretagogues (Glennemeier and Denver, 2002).
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The act of collecting tissue samples for hormone measurement
can directly impact subsequent secretion patterns and behavior
(Romero and Reed, 2005; Baugh et al. 2013, 2017a), and avoiding
these impacts in experimental studies often requires the use of
unbalanced experimental designs that position hormone sampling
as the final step and limit our understanding of bi-directionality in
hormone–behavior relationships. Sample collection methods that
minimize the influence of the experimenter on the animal’s experience have the potential to improve our ability to draw inferences
about bi-directionality and causation by allowing the simultaneous
measurement of both trait categories. These approaches allow for
repeated or continuous monitoring of both endocrine status and
behavior, thus enabling more accurate phenotyping of individuals.
Improved estimates of individual (co)variation in hormone concentrations could thus help to resolve the inherent challenges of
understanding hyper-labile traits (Dingemanse et al., 2010).
Rapid declines in amphibian populations are associated with
multiple sources of aquatic degradation and known stressors such
as water acidification and reductions in dissolved oxygen
(Kiesecker et al., 2001). Incorporating non-invasive reproductive
and stress physiology methods in amphibian research can provide
valuable tools for understanding the role of endocrine dysregulation in amphibian declines and setting conservation priorities, particularly for endangered and threatened species with special
restrictions on use. Recent studies have validated urinary steroid
methods for amphibians (reviewed in Kindermann et al., 2012;
Narayan, 2013). Urine sampling has the advantage of being minimally invasive and yet can provide samples that are concentrated
enough to measure multiple steroids from the same sample, but
typically involves subjecting the animal to handling stress (cloacal
sampling), thereby potentially interfering with subsequent behavior and hormone secretion, and is limited to larger adult amphibians. Water-borne sampling methods have the potential to be
used with minimal or no animal handling and for any size amphibian, and recent studies by Gabor et al. (2013a, 2016) validated
water-borne methods for estimating CORT metabolite concentrations in three salamander species (Eurycea sp.) and an anuran
(Alytes obstetricans). Here we extend the validation of waterborne hormones by applying it to an anuran species—the túngara
frog (Physalaemus pustulosus). We validated water-borne procedures for three steroids—corticosterone, CORT; 17b-estradiol, E2;
and progesterone, PROG—testing the idea that concentrations of
hormones excreted in a water column reflect physiologically relevant and biologically informative concentrations in the animal
through pharmacological challenges; dose-response assays; time
courses to identify peak excretion; recovery determination; parallelism; correlation estimates for concentrations of hormones in
water, plasma and whole body homogenates. We used high performance liquid chromatography-mass spectrometry (HPLC-MS) to
identify and compare the various steroid species in tissues and
water samples.

2. Methods
2.1. The system
Túngara frogs are small anurans (ca. 30 mm snout-to-vent
length, SVL) found throughout Mesoamerica (Weigt et al., 2005)
that can be maintained in captivity. During the breeding season
males spend hours each night immersed in water while advertising
vocally and females hydrate their clutches and oviposit while
immersed in water (Ryan, 1985). Though not tested here, we
assume that immersion in water is not a potent stressor.
Most research on this species has explored the behavioral ecology of mating using wild-caught adults, for which it has become a

model system (Ryan, 2010; Ryan, 2011). A growing number of
studies have also examined hormone-behavior relationships in
both wild (Baugh and Ryan, 2017; Chakraborty and Burmeister,
2009; Chakraborty and Burmeister, 2010; Lynch and Wilczynski,
2005; Lynch and Wilczynski, 2006; Marler and Ryan, 1996) and
captive populations (Baugh and Ryan, 2010; Baugh, Hoke and
Ryan, 2012; Lynch et al. 2006; O’Connell et al. 2011), and they
are increasingly studied in the context of global change biology
(Brem and Lips, 2008; Forero-Medina et al., 2010; Gallmetzer and
Schulze, 2015; Turriago et al., 2015; Rodriguez-Brenes et al., 2016).
2.2. Animals and experimental design
Adult túngara frogs were transferred from a captive breeding
colony at the University of Texas at Austin to Swarthmore College
where they were maintained and housed communally for 6
months prior to experimentation (10 frogs per terraria at 27 °C,
ambient humidity, L:D 12:12). Frogs were prevented from breeding during the three months prior to the experiment. Frogs were
randomly assigned to treatments and dosages, maintained individually in small critter cages (9  4  5 in.; LxWxH) and fed an ad libitum diet of fruit flies. Before experimentation, each frog was
marked with a unique toe-clip combination. Frogs were weighed
(to the nearest 0.01 g) and measured for SVL (to the nearest 0.01
mm) before experimentation and immediately prior to injections
(mean ± SD: 0.72 ± 0.13 g; 22.10 ± 1.72 mm). We collected all samples in June and July 2016.
We conducted three validation phases. In Phase 1 we performed
a dose response and time course of water-borne hormones after
administering intraperitoneal challenges of ACTH (for CORT in
males and females) or hCG (for E2 and PROG in females). Parallelism for water-borne samples (and optimal sample dilutions for
enzyme immunoassay; EIA) and recovery efficiency following
extraction of water samples was also calculated. In order to compare circulating and water-borne hormone concentrations, in Phase
2 we repeated this process with selected dosages and time-courses
proved effective in Phase 1 and sacrificed the animals for the collection of blood and whole body homogenate samples. This permitted
us to estimate parallelism and recovery efficiency for plasma and
homogenates samples (and optimal sample dilutions for EIA) as
well as estimate the correlation among the concentrations of hormones in water, plasma and homogenates. In Phase 3, we identified
and quantified the concentration of steroid species present in
pooled samples of water, plasma and homogenate using HPLCMS (conducted at West Coast Metabolomics (UC-Davis)); replicate
pools were also analyzed by EIA for comparison of these two quantification techniques.
For the collection of water samples, ‘‘frog water” was prepared
by dissolving the following solutes in 30 L of reverse osmosis (RO)
water: 1.2 g CaCl2, 1.38 g MgSO4, 1.08 g KHCO3, 0.9 g NaHCO3 and
0.038 g of a commercial trace-element mix. We added frog water
to 100 mL beakers and manually introduced a single frog to each
beaker. Sample collection was conducted between 0800 and
1200 to control for diel rhythms in hormone secretion. After completion of each water bath, frogs were manually removed and each
sample was immediately filtered to remove large particles and
then maintained at 80 °C for up to 5 months prior to extraction.
Control water samples (i.e., no frog) were collected at each phase
to evaluate possible contamination (all control samples registered
at or below the detection limits of the EIA).
The vehicle (0.9% NaCl solution) was used to dissolve adrenocorticotropic hormone (ACTH from porcine pituitary; Sigma Cat.
No. A6303) and human chorionic gonadotropin (hCG; Sigma Cat.
No. C1063). ACTH is the pituitary secretogogue in the hypothala
mic-pituitary-interenal (HPI) axis that induces CORT secretion
when it binds to receptors in the adrenal cortices, and hCG
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stimulates ovulation. Hormones and vehicle were stored at 4 °C for
up to 24 h prior to injection. Individual dosages were mass-specific
(see Phase 1 below) and all injections were intra-peritoneal (Baugh
and Ryan, 2017; Baugh and Ryan, 2010).
2.2.1. Phase 1a: CORT in water: Timelines and dose-response following
ACTH challenge
Frogs were injected with one of three dosages (N = 5 females
and 5 males per dosage)—(1) vehicle; (2) low ACTH: 0.5 mg g 1;
(3) high ACTH: 5 mg g 1—and held for 60 min before being transferred to a series of four 60-min water baths (40 mL frog water)
to provide a 4-h timeline of CORT excretion (i.e. repeated measures
sampling scheme; Fig. 1).
2.2.2. Phase 1b: E2 and PROG in water: Timelines and dose-response
following hCG challenge
Frogs were injected with one of three dosages (N = 10 females
per dosage)—(1) vehicle; (2) low hCG: 50 IU g 1; (3) high hCG:
500 IU g 1—and held for 24 h to elicit sexually proceptive behavior
in captive female túngara frogs that mirrors the behavior of wildcaught amplectant females (see Baugh and Ryan, 2010). Following
this 24-h delay, females were individually transferred to a single
water bath (40 mL frog water) for 60 min.
2.2.3. Phase 2a: CORT in water, plasma and whole body homogenates:
Timelines following ACTH challenge
Based on the results of Phase 1a, we selected the low ACTH
dosage (0.5 mg g 1) for Phase 2a. Frogs were injected with vehicle
(N = 4 males & 3 females) or ACTH (N = 13 males & 12 females)
(see Fig. 2). Frogs were placed in a 60-min pre-injection water bath,
followed by a holding period of 30 min. Next, each frog was
injected, held for 15 min, and then placed in two sequential 60min water baths. All water baths in Phase 2a experiments used
25 mL frog water (instead of 40 mL) in 100 mL beakers to hasten
the SPE step. Within 3 min after removal from the final water bath
we collected between 5 and 40 mL of whole blood from each frog
via cardiac puncture using heparinized microhematrocrit capillary

tubes and immediately centrifuged samples in their microhematocrit tubes for 5 min at 5000 RPM. The percentage hematocrit
was estimated for each sample using a hematocrit reader (Ample
Scientific) and the plasma fraction was removed using specialty
pipette tips (VWR). Samples were stored in microcentrifuge tubes
at 80 °C until assaying.
Immediately following blood collection, we weighed and decapitated each frog, placed them inside 15 mL conical tubes and submerged in a slurry of dry ice and methanol. We recorded the
latency between removing the frog from the final water bath and
the completion of tissue freezing (handling duration). Frozen specimens were maintained at 80 °C until they were homogenized. To
homogenize, we thawed specimens and added a mass-specific volume (2 mL mg 1) of assay buffer based on the post-blood collection
mass of each frog (1:2 dilution). We homogenized this mixture in
15-mL conical tubes on wet ice (Scilogex D160, 7-mm tissue probe,
LLC, Rocky Hill, CT). Homogenates were then centrifuged at 3750
RPM in a refrigerated centrifuge for 20 min and supernatant was
collected and maintained at 80 °C until further processing.
2.2.4. Phase 2b: E2 and PROG in water, plasma and whole body
homogenates: Timelines following hCG challenge
Based on the results of Phase 1b, we selected the high hCG
dosage (500 IU g 1) for Phase 2b. Frogs were injected with vehicle
(N = 5 females) or hCG (N = 19 females). Frogs were placed in a
60 min pre-injection water bath, held for 60 min, and then injected
and held again for 24 h. Each frog was then placed in a 60 min
post-injection water bath (25 mL frog water in 100 mL beakers).
Immediately following the post-injection water bath, blood and
homogenate samples were collected and processed as described
in Phase 2a.
2.2.5. Phase 3: High performance liquid chromatography-mass
spectrometry
A duplicate subset of pooled samples from Phase 2a and 2b were
processed through the extraction and drying stage and then
shipped on dry ice to the core services at West Coast Metabolomics
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Fig. 1. Individual male (N = 5 per treatment group) and female (N = 5 per treatment group) combined water-borne CORT values (mean ± SEM) for vehicle, low dose ACTH
(0.5 lg g 1) and high dose ACTH (5 lg g 1). ACTH or vehicle (0.9% saline) injection occurred at 60 min. Frogs were held in terraria for 60 min following injection and then
introduced to a water bath at 0 min time-point. All water baths were 60 min in duration and were sequential (i.e. repeated measures). For graphical purposes, the x-axis
intercepts are shifted for some points so that error bars do not overlay.
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Fig. 2. CORT concentrations for ACTH (0.5 lg g 1) and vehicle (0.9% saline) injected frogs for 3 water samples, a plasma sample and a whole body homogenate sample (mean
± SEM). For graphical purposes, the x-axis intercepts are shifted slightly so that error bars do not overlay. (a) Water-borne CORT concentrations for ACTH (N = 24) and vehicle
(N = 7) injected frogs are corrected for each animal’s SVL and are depicted at the end of each of the three 60-min water bath periods. (b) Plasma CORT concentrations for ACTH
injected frogs (N = 16) and vehicle injected frogs (N = 4). (c) Whole body homogenate CORT concentrations for ACTH injected frogs (N = 25) and vehicle injected frogs (N = 7).
*
p = 0.05.

(University of California-Davis) for HPLC-MS analysis. The other
subset was analyzed by EIA. We prepared six pooled samples each
from the Phase 2a and 2b experiments containing (1) presecretagogue injection water (ACTH for Phase 2a; hCG for Phase
2b), (2) post-secretagogue injection water, (3) vehicle injected
plasma, (4) vehicle-injected homogenate, (5) secretagogueinjected plasma, and (6) secretagogue-injected homogenate. We
also analyzed two plasma samples (10 mL) collected from an individual wild-caught amplectant female túngara frog before and
after oviposition. We removed 3 mL aliquots from each experimental water sample following filtering and prior to SPE and corrected
for this lost fraction of water in their final estimates. From each
homogenate and plasma sample we removed 0–25 lL and 0–5
lL, respectively, as available, resulting in pool volumes of each
sample type that were equivalent to the experimental samples
processed by EIA.
Dried samples were resuspended in 100 lL of a 1:1 solution of
HPLC grade methanol and acetonitrile. Samples were processed
using HPLC-MS (Waters Acquity/SciEx QTrap 6500) using a targeted metabolite and steroid panel designed to quantify 30 steroid
species. Four internal standards were used for calibration: 17hydroxyprogesterone, estradiol, PROG and testosterone. Steroid
limits of quantification (LOQ) ranged between 0.5 nM and 500
nM, including 2.5 for CORT, 5.0 nM for estradiol and 3.0 nM for
PROG (see Supplementary materials S1).
2.3. Extraction and reconstitution
2.3.1. Water samples
After thawing filtered samples, we removed a 3-mL subsample
from each of the 40-mL water samples collected in Phase 1 experiments and pooled them within each dosage group and time-point
to perform parallelism, optimize dilutions, determine recovery and
examine the dose-response and time course of excretion for pooled
samples (in addition to individual samples). Pooled and individual
water samples were extracted using columns for solid-phase

extraction (SPE; Sep-Pak C18, 500 mg sorbent; Waters Corp., Milford, MA). SPE has been shown to result in reliable analyte recovery
and remove interfering compounds (Lee and Goeger, 1998;
Newman et al., 2008) and has been used successfully for amphibian water-borne hormones (Gabor et al., 2013a, 2013b, 2015). Columns were first activated with 4 mL of methanol (ACS grade) and
equilibrated with 4 mL RO water. Samples were then slowly drawn
through the columns under 15 bar of vacuum pressure using a 24port manifold system (United Chemical Technologies, LLC, Bristol
PA). An additional 4 mL of RO water was then processed through
each column. We slowly eluted each column with 4 mL of methanol (HPLC grade) into borosilicate vials and then dried samples
under nitrogen gas in a 37 °C water bath using an evap-o-rack
manifold (Cole-Parmer, Bunker CT). We cleaned all parts from
the vacuum manifold that were in contact with samples by passing
25 mL methanol through each port and allowing them to dry prior
to the next use.
Dried samples were resuspended in a mixture of 5% absolute
ethanol and 95% assay buffer provided in the EIA kits (to a total
volume of 250 mL, designated as the 1:1 dilution). A small volume
of absolute ethanol has been shown to enhance steroid recovery
(Newman et al., 2008). Samples were then vortexed for 30 s, covered with aluminum foil and allowed to reconstitute overnight at
4 °C. Pooled samples were processed by EIA at this 1:1 dilution
and were further diluted (see Parallelism and recovery) to determine optimal dilution and parallelism prior to the assaying of individual frog samples.
2.3.2. Plasma and homogenate samples
Pools of plasma and homogenates were collected for parallelism,
to determine optimal sample dilution and for recovery determination. We used a double diethyl-ether liquid extraction procedure
for plasma and homogenate samples because this extraction
method is effective with small sample volumes and results in high
recoveries for plasma (Baugh et al., 2012); moreover, homogenate
samples proved too viscous for processing by SPE as the silica
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matrix quickly becomes impregnated with tissue. For liquid extraction, plasma and homogenate samples were vortexed and subsamples (plasma: 5–10 mL; homogenates: 200–600 mL) were added to
borosilicate vials. Then 200 mL of RO water was added to each vial
in order to increase the aqueous volume for ease of decanting. In
a fume hood, 2 mL of diethyl-ether was added to each vial, vortexed
and placed in a dry ice and methanol slurry until the aqueous layer
was frozen. The organic layer was then decanted to a clean vial and
the frozen layer was allowed to thaw; this process was then
repeated. The ether extracts were then dried under nitrogen gas
in a 37 °C water bath using the evap-o-rack manifold, resuspended
in 150 mL assay buffer and allowed to equilibrate overnight at 4 °C.
Subsequent dilutions were performed for parallelism and optimal
sample dilution determination.
2.4. Parallelism and recovery
All sample pools used for parallelism and recovery determination were processed (extraction method) identically to experimental samples with the exception that pools used for recovery
determination were stripped of endogenous steroids and spiked
with known concentrations of commercial steroids prior to
extraction.
2.4.1. Water
CORT: A pooled water sample from the low ACTH treatment was
assayed at 1:1 (i.e. 250 mL assay buffer), serially diluted at 1:2, 1:4,
and 1:8 and then assayed. A separate set of pooled water samples
from the low ACTH treatment group were stripped of endogenous
steroids using 7 mg mL 1 of dextran-coated activated charcoal.
These samples (N = 9) were then vortexed and incubated at 37 °C
for 4 h and centrifuged 3 times following Delehanty et al. (2015).
Supernatant was collected and spiked at one of three concentrations using purified CORT (supplied by kit; N = 3 replicates per concentration): low (312.5 pg mL 1), medium (1250 pg mL 1) and
high (5000 pg mL 1).
E2: A pooled water sample from the high hCG treatment was
assayed at 1:2 (i.e. 500 mL assay buffer), serially diluted at 1:4,
1:8, and 1:16 and then assayed. A separate set of pooled water
samples from the high hCG treatment group were stripped (see
above) and spiked at one of three concentrations using purified
17-b estradiol (supplied by kit; N = 6 replicates per concentration):
low (156.25 pg mL 1), medium (625 pg mL 1) and high (2500 pg
mL 1).
PROG: Processing of a pooled water sample from the high hCG
treatment was identical to that described for E2 above but was
spiked using purified PROG rather than estradiol.
2.4.2. Plasma and homogenates
CORT: A pool of plasma from the low ACTH treatment was serially diluted in assay buffer at 5 concentrations (1:15–1:240). A separate set of pooled plasma samples (N = 3) from the low ACTH
treatment group were stripped of endogenous steroids. For all
plasma and homogenate stripping we used 70 mg mL 1 of
dextran-coated activated charcoal (see above). Samples were
spiked at 10,000 pg mL 1 using purified CORT.
A pool of homogenate from the low ACTH treatment was serially diluted in assay buffer at 7 concentrations (1:3–1:192). A separate set of pooled homogenate samples (N = 3) from the low ACTH
treatment group were stripped of endogenous (see above) and
spiked at 3000 pg mL 1 using purified CORT.
E2: A pool of plasma from the high hCG treatment was serially
diluted in assay buffer at 4 concentrations (1:25–1:200). A separate
set of pooled plasma samples (N = 2) from the high hCG treatment
group were stripped of endogenous steroids (see above) and spiked
at 10 pg mL 1 using purified estradiol.
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A pool of homogenate from the high hCG treatment was serially
diluted in assay buffer at 4 concentrations (1:3.75–1:30). A separate set of pooled homogenate samples (N = 2) from the high
hCG treatment were stripped of endogenous steroids (see above)
and spiked at 9.6 pg mL 1 using purified estradiol.
PROG: There was insufficient plasma from the hCG experiment
to quantify PROG and thus we only assayed homogenates. A pool of
homogenate from the high hCG treatment was serially diluted in
assay buffer at 5 concentrations (1:0.5–1:8). A separate set of
pooled homogenate samples (N = 2) from the high hCG treatment
were stripped of endogenous steroids (see above) and spiked at
9.6 pg mL 1 using purified PROG (supplied by kit). Because PROG
is less concentrated than E2 in homogenates, it is critical that dilution for E2 (1:6) be carried out after PROG is assayed.
2.5. Enzyme immunoassays
We estimated steroid concentrations using commercial EIA kits
(DetectXÒ kits, Arbor Assays, Ann Arbor, MI) for CORT (Cat. No.
K014, Donkey anti-Sheep IgG), 17-b estradiol (plasma and homogenates: Cat. No. KB30 (this kit is optimized for the typically low
concentrations of circulating E2), Donkey anti-Sheep IgG; water:
Cat. No. K030, Goat anti-Rabbit IgG), and PROG (Cat. No. K025, Goat
anti-Mouse IgG).
Reconstituted samples and kit reagents were allowed to reach
room temperature prior to use and samples were vortexed prior
to plating. We randomly assigned samples to wells and assayed
them in duplicate along with blanks, standards, stripped samples,
and stripped/spiked samples. We accepted the average of duplicate
wells. Samples were assayed following manufacturer instructions
(for the concentrations of standards see Supplementary materials
S2–S9). We read plates at 450 nm on a Versamax microplate reader
with SoftMax Pro software using a four-parameter curve fitting
equation (Molecular Devices, Sunnyvale CA). Intra- and interassay coefficients of variation (CV) were estimated by including
three stripped and spiked samples per plate and thus incorporated
cumulative technical error during extraction and assaying. Experimental samples exceeding a 15% CV (between duplicate wells)
were re-assayed until CV values met this criterion. The assays have
detection limits and sensitivities, respectively, of 16.9 pg mL 1 and
18.6 pg mL 1 (CORT); 26.5 pg mL 1 and 39.6 pg mL 1 (E2 in water);
2.05 pg mL 1 and 2.21 pg mL 1 (E2 in plasma and homogenates);
and 52.9 pg mL 1 and 47.9 pg mL 1 (PROG). The cross-reactivity
of the antiserum for the CORT kit is 100% for CORT, 12.3% for desoxycorticosterone, 0.76% for tetrahydrocorticosterone, 0.62% for
aldosterone and 0.24% for PROG. The cross-reactivity of the antiserum for the plasma/homogenate E2 kit is 100% for E2, 3.2% for
estrone sulfate, and 2.5% for estrone. The cross-reactivity of the
antiserum for the water E2 kit is 100% for E2 and 0.73% for estrone.
The cross-reactivity of the antiserum for the PROG kit is 100% for
PROG, 188% for 3a-hydroxy-PROG, 172% for 3b-hydroxyprogesterone, 147% for 11a-hydroxy-progesterone, 7.0% for 5adihydroprogesterone, 5.9% for pregnenolone, and 2.7% for 11bhydroxy-progesterone.
2.6. Statistics
Individual water-borne hormone concentrations were corrected
for each frog’s body size by dividing by SVL (Gabor et al., 2013a).
We used conventional parametric statistical methods as described
in Results. Hormone data were log10-transformed prior to analysis
to improve residuals. Parametric assumptions (normality, equality
of variance and covariance, and sphericity) were met unless indicated otherwise. We used SPSS (version 21, IBM) for all statistical
analyses.
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3. Results
3.1. CORT from ACTH experiments
3.1.1. Phase 1: Water
Results from pooled samples in Phase 1 indicated that a 1:1
dilution (250 lL reconstitution volume) was optimal in terms of
the linear portion of the standard curve, and therefore all subsequent samples were reconstituted to this volume. Serial dilutions
were parallel to the standard curve (D slope = 0.07, SE = 0.80,
t8=0.09, p = 0.93) and recovery efficiencies were high (84.8–
99.3%) with low CVs (Supplementary materials S9). Stripped (and
unspiked) samples registered near the detection limit of the assay
(mean: 28.9 pg mL 1)—we subtracted this background concentration from the stripped/spiked samples when calculating percent
recovery.
Pooled samples suggested that peak water-borne CORT concentrations were present at 60-min post-injection time-point (postinjection water bath #1) and that low and high ACTH dosages
yielded similar CORT levels, which were elevated compared to
vehicle (Supplementary materials S10). This pattern was confirmed
using a repeated measures ANOVA (within-subject effect: timepoint; between-subject effects: dosage and sex) for the individual
samples (Fig. 1): there was a main effect of time-point (F1.6,35.2 =
19.448, p < 0.0001) due to decreasing CORT following the 60-min
peak, and a main effect of treatment group (F2,22 = 6.360, p =
0.007). Post hoc comparisons indicated that the vehicle treatment
group differed from the low ACTH (p = 0.007) and the high ACTH
treatment groups (p = 0.044), but the low and high ACTH groups
did not differ from each other (p = 0.703). Males and females did
not differ in CORT profiles: there was no main effect of sex (F1,22
= 0.03, p = 0.88) nor any interactions between sex, dose and
time-point (p > 0.3 for all 2- and 3-way interactions; Supplementary materials S10–S15).
3.1.2. Phase 2: water, plasma and homogenates
Serial dilutions of plasma and homogenates were parallel to the
standard curve (plasma: D slope = 0.07, SE = 0.77, t9 = 0.09, p =
0.93; homogenates: D slope = 0.03, SE = 0.21, t11 = 0.17, p = 0.87)
and recovery efficiencies were uniformly high (plasma: mean ± S
D: 88.9% ± 2.1%; Supplementary materials S2; homogenates: mea
n ± SD: 98.8% ± 5.9%; Supplementary materials S5). Pooled samples
showed that the optimal sample dilution was 1:15 for plasma and
1:6 for homogenates, which we used in assays for subsequent individual samples. The intra- and inter-assay CVs were 7.6% and 9.2%
for water and 7.3% and 8.8% for plasma and homogenate plates,
respectively.
Given the dose-response results from Phase 1, we used the low
ACTH dose for Phase 2 experiments, as has been used successfully
in other amphibians (Narayan et al., 2011). We limited the time
course for water-borne CORT to a pre-injection time-point and 2
post-injection time-points (60 and 120 min). As with Phase 1, there
were no sex differences in any of the CORT measures, including
plasma and homogenate concentrations (all p > 0.2), and thus
males (N = 17) and females (N = 15) were pooled for statistical
analyses. Compared to vehicle treated frogs, ACTH-injected frogs
exhibited an increase in water-borne CORT in water bath #1 (75
min post-injection) and returned to baseline in water bath #2
(135 min after injection; Fig. 2a). A repeated measures ANOVA
with post hoc comparisons for the water-borne CORT demonstrated a significant interaction between treatment and timepoint (F2,28 = 3.66, p = 0.039) driven by a significant decrease in
CORT in the vehicle group in the post-injection water bath #1
(p = 0.036) and a non-significant increase in the ACTH treatment
(p = 0.11) at that time-point, resulting in a significant interaction

between the treatment groups at this first post-injection timepoint (p = 0.05). There were no significant differences between
treatment groups in either the pre-injection water bath or the
post-injection water bath #2 (all p > 0.5). There was no difference
between vehicle and ACTH groups in the plasma CORT samples
(t18 = 1.0, p = 0.319), and hematocrit estimates for the plasma were
similar between the treatment groups (vehicle: 11.3 ± 4.2%; ACTH:
9.7 ± 1.1%). There was no correlation between handling duration (
mean ± SEM, range: 343 ± 13.2, 245–480 s) and plasma CORT concentrations (r = 0.34, p = 0.14, N = 20). Likewise, there was no difference between treatment groups in the whole body
homogenate CORT samples (t30 = 0.11, p = 0.91) and no correlation
between handling duration (mean ± SEM, range: 343 ± 13.2, 245–
480 s) and homogenate CORT concentrations (r = 0.16, p = 0.40,
N = 32). The lack of a treatment effect for plasma and homogenates
might be explained by the fact that treatment groups had returned
to parity by the time tissues were harvested (see post-injection
water bath #2 in Fig. 2a); however, this cannot explain the pattern
observed in PROG (see Phase 2 PROG).
Pre-injection water-borne CORT concentrations were positively
correlated with the first post-injection water-borne time-point and
likewise, concentrations at the two post-injection time-points
were positively correlated (Supplementary materials S16). We
found positive correlations among media types (Fig. 3): (1)
water-borne CORT from post-injection water bath #2 were positively correlated with plasma CORT (r = 0.46, p = 0.04, N = 20)
and homogenate CORT (r = 0.52, p = 0.002, N = 32); (2) waterborne CORT from post-injection water bath #1 were positively correlated with homogenate CORT (r = 0.44, p = 0.013, N = 32); and (3)
plasma concentrations were positively correlated with homogenate concentrations (r = 0.81, p < 10 5, N = 20). Hematocrit (%)
and plasma CORT concentrations were not correlated (r = 0.38, p
= 0.13, N = 17), and plasma and post-injection water bath #1 CORT
concentrations were not correlated (r = 0.08, p = 0.73, N = 20).

3.2. Estradiol and PROG from hCG experiments
3.2.1. Phase 1: water-borne E2
Results from pooled samples in Phase 1 indicated that a 1:2
dilution (500 lL reconstitution volume) was optimal in terms of
the linear portion of the standard curve, and therefore all subsequent samples were reconstituted to this volume (Supplementary
materials S7). Serial dilutions were parallel to the standard curve
(D slope = 0.07, SE = 1.17, t5 = 0.06, p = 0.95) and recovery efficiencies varied between moderate and high (61.4–110.9%) with low
CVs (Supplementary materials S7). Stripped (and unspiked) samples registered below the detection limit of the assay.
Females injected with hCG had higher E2 than vehicle injected
females (Fig. 4a). A repeated measures ANOVA showed a main
effect of treatment group (F2,25=9.555, p = 0.001) and post hoc
comparison showed that this treatment effect was driven by significant differences between vehicle and the low hCG group (p =
0.002) as well as vehicle and the high hCG group (p = 0.003). There
was no difference between low and high hCG (p = 0.996). Two samples had high concentrations of E2 but were within the linear portion of the standard curve. Exclusion of these two potential
statistical outliers did not affect the outcome of the analyses.
Water-borne E2 was positively correlated with water-borne
PROG in both the vehicle (Spearman’s rho = 0.83, p = 0.003) and
high hCG treatment groups (Spearman’s rho = 0.76, p = 0.028,
respectively), as well as when all three treatment groups were
combined (Spearman’s rho = 0.55, p = 0.002). This correlation was
not present in the low hCG treatment (Spearman’s rho = 0.19, p
= 0.60; Supplementary materials S17–S20).

73

Homogenate CORT ng mL-1

Plasma CORT ng mL-1

A.T. Baugh et al. / General and Comparative Endocrinology 261 (2018) 67–80

a
50
40
30
20
10
0

5

10

15

b

12
10
8
6
4
2
0

20

5

c

12
10
8
6
4
2
0

10

20

30

40

50

10

15

20

25

30

35

Water-borne CORT pg mL-1 SVL-1
(post-injection water bath #1)

60

Homogenate CORT ng mL-1

Homogenate CORT ng mL-1

Water-borne CORT pg mL-1 SVL-1
(post-injection water bath #2)

d

12
10
8
6
4
2
0

Water-borne CORT pg mL-1 SVL-1
(post-injection water bath #2)

5

10 15 20 25 30 35 40 45 50
Plasma CORT ng mL-1

Fig. 3. Correlations (Pearson’s) between CORT concentrations among tissues. (a) plasma concentrations were positively correlated with water-borne concentrations (postinjection water bath #2). (b–c) whole body homogenate concentrations were positively correlated with water-borne concentrations in post-injection water bath #1 and #2.
(d) plasma and whole body homogenate concentrations were positively correlated.

a

b

Fig. 4. Individual samples (triangles) of (a) water-borne 17-b estradiol or (b) water-borne PROG at one of three doses of hCG. Circles represent the mean (±SD).

3.2.2. Phase 2: E2 in water, plasma and homogenates
Serial dilutions of plasma and homogenates were parallel to the
standard curve (plasma: D slope = 0.18, SE = 2.77, t6 = 0.06, p =
0.95; homogenates: D slope = 0.03, SE = 2.29, t6 = 0.01, p = 0.99)
and recovery efficiencies were uniform and relatively low (plasma:
mean ± SD: 46.8% ± 6.2%; Supplementary materials S4; homogenates: mean ± SD: 125.5% ± 5.7%; Supplementary materials S3).

Pooled samples showed that the optimal sample dilution was
1:50 for plasma and 1:6 for homogenates, which we used in assays
for subsequent individual samples. The intra- and inter-assay CVs,
respectively, were 19.1% and 5.4% for water and 2.4% and 11.2% for
plasma and homogenate plates.
Given the dose-response results from Phase 1, we used the high
hCG dose for Phase 2 experiments, which has been used previously
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Females injected with hCG had higher PROG than vehicle
injected females (Fig. 4b).
An ANOVA showed that there was a main effect of treatment
group (F2,25 = 3.741, p = 0.038), and post hoc tests showed that this
treatment effect was driven by significant differences between
vehicle and the high HCG group (p = 0.040); the other two comparisons were not significant: vehicle versus low hCG (p = 0.891); low
versus high hCG (p = 0.098). One sample had high PROG but was
within the linear portion of the standard curve. Exclusion of this
potential statistical outliers did not affect the outcome of the
analyses.

in eliciting reproductive readiness in this species (Baugh and Ryan,
2010). Results from the pre-injection water bath showed that for
water-borne E2, vehicle and hCG treatment groups had similar E2
concentrations before injection. Further, hCG treated frogs exhibited a non-significant elevation in water-borne E2 following injection whereas vehicle treatment groups did not change (Fig. 5a).
However, a repeated measures ANOVA demonstrated a nonsignificant interaction between treatment and time-point for
water-borne E2 (F1,19 = 0.58, p = 0.45; Fig. 5a). Plasma E2 concentrations were also higher in the hCG compared to vehicle treatments
but this difference was also not significant (t16.4 = 1.75, p = 0.09;
equal variances not assumed; Fig. 5b). The average hematocrit of
the plasma was similar between the hCG (7.4 ± 1.2%; N = 16) and
vehicle-injected frogs (7.1 ± 3.4%; N = 5). In contrast, E2 concentrations in homogenates were significantly higher in hCG compared to
vehicle treated frogs (t19.4= 2.13, p = 0.04; equal variances not
assumed; Fig. 5c).
Concentrations of E2 in the plasma were positively correlated
with water-borne E2 concentrations in the pre-injection water bath
(r = 0.51, p = 0.03, N = 18; Fig. 6a). There was a positive but nonsignificant correlation between plasma E2 and water-borne E2 from
the post-injection water bath (r = 0.43, p = 0.06, N = 19; Fig. 6b). E2
concentrations in homogenates were positively correlated with
water-borne concentrations in post-injection water bath (r = 0.48,
p = 0.02, N = 22; Fig. 6c). Further, E2 concentrations in plasma
and homogenates were positively correlated (r = 0.767, p < 10 4,
N = 19; Fig. 6d). Concentrations of water-borne E2 at pre- and
post-injection time-points were not correlated (r = 0.18, p = 0.44,
N = 21). Lastly, hematocrit (%) and plasma E2 concentrations were
not correlated (r = 0.29, p = 0.27, N = 19).

3.2.4. Phase 2: PROG in water and homogenates
Serial dilutions of homogenates were parallel to the standard
curve (D slope = 0.03, SE = 0.34, t8 = 0.01, p = 0.99) and recovery
efficiencies were high (mean ± SD: 94.2% ± 13.2%; Supplementary
materials S6). From pooled samples we found that the optimal
sample dilution was 1:0.5 for homogenates, which we used in
assays for subsequent individual samples. The intra- and interassay CVs, respectively, were 17.7% and 4.7% for water and 12.9%
and 12.2% for homogenate plates.
We found that both vehicle and hCG treatment groups experienced a similar and small elevation in water-borne PROG following injection (Fig. 7a). The repeated measures ANOVA revealed a
non-significant interaction between treatment and time-point
(F1,21 = 0.003, p = 0.96). In contrast, homogenate PROG concentrations for hCG injected frogs were significantly higher than in vehicle injected frogs (t22 = 2.55, p = 0.018; equal variances not
assumed).
Concentrations of PROG in the homogenates were not correlated with post-injection (r = 0.09, p = 0.69, N = 23; Fig. 8a) or
pre-injection water-borne PROG concentrations (r = 0.063, p =
0.77, N = 24; Fig. 8b). In contrast, there was a positive correlation
between concentrations of water-borne PROG at the two timepoints (r = 0.64, p = 0.002, N = 23; Fig. 8c). Lastly, we found an
unexpected negative correlation between water-borne PROG and
E2 in homogenates, present in both the pre- and post-injection
time-points (Supplementary materials S21). Because there was
no correlation between these two products in homogenates (r =
0.12, p = 0.57, N = 23), this suggests some inter-dependency
between these two hormones in the context of clearance.
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3.2.3. Phase 1: water-borne PROG
Results from pooled samples in Phase 1 indicated that a 1:2
dilution (500 lL reconstitution volume) was optimal in terms of
the linear portion of the standard curve, and therefore all subsequent samples were reconstituted to this volume (Supplementary
materials S8). Serial dilutions were parallel to the standard curve
(D slope = 0.07, SE = 0.76, t7 = 0.09, p = 0.93) and recovery efficiencies varied between low and moderate (39.7–50.2%) with low CVs
(Supplementary materials S8). Stripped (and unspiked) samples
registered below the detection limit of the assay.
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3.3. HPLC-Mass spectrometry
Water samples contained the largest diversity of steroids, followed by homogenates and finally plasma (see Supplementary
materials S1 for table of complete HPLC-MS results).

3.3.1. ACTH experiments
WATER: CORT concentrations were lower in the pre-injection
compared to the post-injection pools and generally similar to the
values estimated in the duplicate pooled samples processed by
EIA (HPLC-MS: pre: 87.8 pg mL 1; post: 289.8 pg mL 1; EIA: pre:
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were generally in agreement with the duplicate pooled samples
processed by EIA (HPLC-MS: saline: 20.2 ng mL 1; ACTH: 11.9 ng
mL 1; EIA: saline: 15.4 ng mL 1; ACTH: 9.9 ng mL 1). Plasma cortisol levels were approximately 10% the concentration of CORT. The
only other abundant steroid found in plasma was etiocholanolone
(Supplementary materials S1).
HOMOGENATES: CORT concentrations in homogenates were
approximately 25% the concentrations observed in plasma, and
were lower in the saline compared to the ACTH treatment, mirroring the results from the individual samples (see Fig. 2). Likewise
the HPLC-MS concentrations were in close agreement with the
duplicate pooled samples processed by EIA (HPLC-MS: saline:
4.3 ng mL 1; ACTH: 5.5 ng mL 1; EIA: saline: 4.26 ng mL 1; ACTH:
5.6 ng mL 1). Also abundant in homogenates were cortisol, etiocholanolone, androstanediol, and estradiol (Supplementary materials S1).
3.3.2. hCG experiments
Water: Estradiol concentrations were lower in the pre-injection
compared to the post-injection pool, mirroring results from the
individual samples (Fig. 5), and lower (but in register) compared
to values estimated in duplicate pooled samples processed by EIA
(HPLC-MS: pre: 88.1 pg mL 1; post: 163.7 pg mL 1; EIA: pre: 409
pg mL 1; post: 562 pg mL 1). PROG concentrations were similar
in the pre- and post-injection pools, as found in the individual samples (see Fig. 7), and lower (but in register) compared to values
estimated in duplicate pooled samples processed by EIA (HPLCMS: pre: 98.3 pg mL 1; post: 64.0 pg mL 1; EIA: pre: 292 pg
mL 1; post: 287 pg mL 1). These pre- to post-hCG injection effects
were accompanied by changes in other steroids, notably a large
increase in estriol and a decrease in androstenediol and
androstanediol (Supplementary materials S1).
Plasma: In contrast to the EIA results, plasma estradiol and
PROG were undetectable by HPCL-MS in our captive frog samples
(the wild caught female had low but detectable levels of estradiol
in plasma). Other steroids were low with the exception of CORT,
which was higher in the hCG treatment (saline: 2.3 ng mL 1;
hCG: 35.4 ng mL 1), and dihydroprogesterone, which was similar
in the saline and hCG treatments (Supplementary materials S1).
Homongenates: Also in contrast to the EIA results, estradiol was
undetectable by HPCL-MS in homogenates. PROG was undetectable in the saline treatment but present in the hCG treatment
(278.8 pg mL 1), as we found in the individual samples (see
Fig. 7). A variety of other steroids were abundant in homogenates
and might differ between saline and hCG treatments (Supplementary materials S1).
Wild-caught breeding female: Plasma steroid concentrations
were similar between pre- and post-oviposition time-points for
the female collected in amplexus during the breeding season in
Panama. Similar to the captive frogs, plasma CORT was much more
abundant than cortisol and PROG was undetectable. In contrast to
the captive frogs, plasma estradiol concentrations were detectable
and decreased after oviposition (pre 0.5 ng mL 1; post: 0.3 ng
mL 1) and beta-pregnanolone was abundant (post-oviposition:
7.7 ng mL 1) (Supplementary materials S1).
4. Discussion

224 pg mL 1; post: 261 pg mL 1). This was accompanied by a
decrease in cortisol and several other steroids (Supplementary
materials S1). Compared to plasma and homogenates, waterborne cortisol was enriched and was typically found in higher concentrations than CORT.
PLASMA: Plasma CORT concentrations were similar in the saline
and ACTH injected treatments, mirroring the results from the individual samples (see Fig. 2). Likewise the HPLC-MS concentrations

We found that water-borne assays present a non-invasive,
accurate and biologically informative means for sampling HPI
and HPG axis steroids in individual adult túngara frogs. Partial
immersion in a water bath for one hour coupled with solid-phase
extraction yielded steroid concentrations quantifiable using commercial EIA kits. Compared to blood sampling, which provides an
instantaneous snapshot of endocrine status, water-borne timelines
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present an opportunity to integrate the endocrine state of an individual over a longer window of time, preferable for many questions
(e.g. developmental or chronic endocrine regulation, baseline,
repeatability). The higher diversity of steroids present in water
compared to tissues may reflect this longer timeline of integration
and thus the opportunity to detect less abundant steroid species, in
addition to the conversion to various metabolites during clearance.
In a similar validation study using a larger anuran (grey treefrogs;
Hyla versicolor), we found that a 30-min water bath was sufficient
for estimating all three of these steroids (Baugh, unpubl. data). It
will be important for future studies to determine the minimum
duration for a water bath and thereby ascertain the limits to the
temporal resolution of this approach, which will likely vary as a
function of the size and developmental stage of the organism
(Gabor et al., 2013a, 2016).
Our use of pharmacological challenges yielded the predicted
dose-response relationships, with increasing water-borne CORT,
E2 and PROG following injection with the upstream secretagogues.
We also found that water-borne CORT and E2 were positively correlated with plasma and whole-body homogenate concentrations,
indicating that this non-invasive method reflects physiologically
relevant peripheral concentrations and thus could serve as an
alternative for these more conventional techniques. Water-borne
steroids offer important advantages for conservation biologists
working with threatened or small amphibians or without the
expertise to sample blood (e.g. cardiac punctures), which can be
an important limiting factor for many small amphibian species.
Quantifying and monitoring steroid hormones in amphibians has
become increasingly important as some of the major threats to this
group appear to impact an animal’s endocrine status, e.g. through
elevated CORT in chytrid-infected frogs and dysregulation of the
HPG axis in response to estrogenic endocrine disrupting chemicals
(reviewed in Narayan, 2013; Gabor et al., 2013b; Gabor et al.,
2015). This technique could also prove practical and informative
for behavioral endocrinologists who are interested in repeated or
chronic endocrine monitoring (e.g. estimating ‘baseline’ CORT), or
who seek experimental designs that involve simultaneous or
sequential measurements of behavior and hormones without
experimenter impacts (Davis and Gabor, 2015). Our results indicate that water-borne samples of all three hormones provide useful information at the individual level—in Phase 2 we found
positive correlations between multiple water sampling timepoints in our repeated measures design (Fig. 8c; S16–S20).
Our results are similar to validations of this technique with
fresh water fishes, in which free hormones are passed directly from
gill tissue to the water column (reviewed in Scott and Ellis, 2007;
Scott et al., 2008; Sebire et al., 2007; Fisher et al. 2014). In anurans,
water-borne steroid levels likely reflect the joint contributions of
excreted free native hormone (e.g. 17-b estradiol) from the skin
and mucus membranes and metabolic products excreted through
urine (e.g. estrone). In the present study, solid-phase extraction
of certain water samples resulted in a visible layer of yellow discoloration at the column’s air-sorbent interface that was captured in
the elutant. This may reflect urine in the sample, thereby potentially elevating measured steroid concentrations in those samples
and thus introducing unexplained variance (Narayan et al. 2013).
This might also explain the greater diversity of steroids found in
water compared to tissue, particularly the presence of estrone, a
common excretory estrogen, and androstenedione, which is produced by the adrenals in response to binding ACTH and can be converted to testosterone and estrone.
4.1. CORT
We found that water-borne concentrations CORT were correlated across sampling time points and reflected concentrations in
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plasma and whole body homogenates. CORT concentrations in
plasma and homogenates were strongly correlated. In conjunction
with the dose-response studies, these correlations indicate that this
water-borne method is capturing biologically meaningful CORT
estimates across a predictable timeline of elevation followed by
return to baseline. The high and uniform recovery efficiencies and
strong parallelism we found for water-borne CORT suggests that
solid-phase extraction and EIA methods effectively reduce interfering substances and provide excellent specificity without loss of analyte (Newman et al., 2008). We found that a relatively high
concentration (a 1:1 dilution, i.e. reconstitution to 250 mL) is optimal for water-borne CORT, suggesting a limit to the number of analytes that can be estimated from a single sample without the use of
multiplexing approaches. Lastly, the HPLC-MS results showed that
water samples contain a mixture of various glucocorticoids, including an enrichment of cortisol and, to a lesser extent CORT, as well
cortisol sulfate and cortisone. In contrast, plasma contained principally CORT, as documented in other amphibians (Norris and Carr,
2013). The enrichment of cortisol in water was not expected; future
studies of amphibian glucocorticoids should consider measuring
this steroid along with CORT and conjugated forms.
In contrast to blood sampling, water sampling has the disadvantage of requiring confinement of subjects in small vessels, which
itself might induce a stress response (Gabor et al., 2013a). Although
this possibility was not tested in the current study, we did observe
a decrement in CORT in the vehicle treatment in Phase 1 during the
second water bath, possibly indicating recovery from the stress of
injection and confinement (Fig. 1). In Phase 2, however, we also
measured pre-injection water-borne CORT and found that vehicle
injection resulted in a decrease in CORT compared to the preinjection time-point (Fig. 2). Together these findings might indicate
that handling and confinement induce an initial CORT response
and that recovery (via negative feedback) occurs during the first
hour after the initial stressor, but that ACTH injections overcome
this endogenous negative feedback. In other words, injection per
se might not itself be a potent endocrine stressor in this species.
In contrast, Gabor et al. (2016) showed that San Marcos salamanders (Eurycea nana) respond with a CORT increase following injection, and Baugh et al. (2017a,b) reported that sexual behavior in
male (but not female) túngara frogs is inhibited by injection per se.
The relevance of measuring glucocorticoids in anurans extends
beyond the study of stress, metabolism and coping behavior. For
example, recent work in green treefrogs (Hyla cineria) has demonstrated that in addition to gonadal steroids, circulating levels of
CORT are important in understanding adult male behavior during
contests (Leary, 2014; Davis and Gabor, 2015) and female mate
choice behavior (Davis and Leary, 2015). Further, we know that
ecologically relevant threats and stressors experienced early in life
can result in dramatic impacts on developmental decisions and life
history trade-offs in vertebrates (reviewed in Crespi et al., 2013),
including in anurans (Touchon et al., 2013; Warkentin, 2011).
Hence, there is potentially high utility for non-invasive methods
for repeatedly measuring CORT profiles, especially because it might
be the dynamics of CORT secretion—and not single snapshots—that
prove informative for understanding the hormonal and behavioral
(co)variation (Baugh et al., 2013; Baugh et al., 2014; Baugh et al.
2017a,b).
4.2. E2
In contrast to water-borne CORT, we found that water-borne E2
concentrations at the pre-injection time-point were not correlated
with the post-injection time-point. This difference might be
observed if hCG injections resulted in a larger increase in waterborne E2 than ACTH injections did for CORT, or if the interval (24
h) was too long. There were, however, positive correlations
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between water-borne E2 and PROG, suggesting that these two steroids covary positively, which is not surprising given that E2 and
PROG are known to be elevated in female túngara frogs immediately prior to oviposition (Lynch and Wilczynski, 2005) and that
hCG results in elevations in E2 and PROG (present study). We also
found positive correlations between concentrations of E2 in water
and plasma as well as water and homogenates at both the preand post-injection time-points, which, given the elevation in
water-borne E2 following hCG injection, suggests that plasma E2
is relatively stable within-individuals across this 24-h period
despite the hCG injections. As with CORT, the positive correlations
observed for water-plasma and water-homogenate indicate that
excreted E2 integrated over a one-hour time window reflects physiologically relevant concentrations in the female.
In conjunction with the dose-response studies, which showed
the predicted increase in E2 following hCG injection in all sample
types, these correlations indicate that this water-borne method is
capturing biologically meaningful E2 estimates. We also found high
and uniform recovery efficiencies and strong parallelism for waterborne E2, implying that solid-phase extraction and EIA methods
effectively reduce interfering substances, providing specificity
without loss of analyte. We found that a relatively high sample
concentration (a 1:2 or 1:4 dilution of the reconstituted sample)
is optimal for water-borne E2 in hCG injected females, which
allows for quantification of multiple analytes from a single sample.
Lastly, the HPLC-MS results showed that estradiol was the principal estrogen in water and was sometimes accompanied by estrone.
4.3. PROG
As predicted, water-borne concentrations of PROG did increase
following hCG injection—suggesting that there is utility in estimating this steroid in water—and were correlated with the postinjection time-point, as with water-borne CORT. Given that hCG
injections resulted in only a moderate increase in water-borne
PROG, this within-individual consistency in water-borne PROG is
not surprising. However, there was a relatively large increase in
homogenate PROG following hCG injection, and in contrast to both
CORT and E2 we did not detect correlations between water-borne
and homogenate PROG concentrations (plasma PROG was not estimated for individual samples). Possible explanations for these
results are (1) other hormones cross-react with the PROG antibody
in the EIA at much higher rates than E2 and CORT (see Methods); (2)
PROG concentrations in the animal fluctuate at a shorter or longer
time scales than were resolved with our time courses; (3) circulating concentrations of PROG are not reflected in homogenates (in a
separate study of gray treefrogs, we found that plasma PROG, not
estimated in the current study due to limited plasma volumes,
was indeed positively correlated with water-borne PROG (Baugh
unpubl. data)); or (4) PROG is converted enzymatically to other
products at higher rates compared to CORT and E2 (PROG is an
important precursor hormone). For example, a study by Lutz et al.
(2001) in Xenopus laevis showed that PROG is rapidly converted to
androstenedione in ovarian tissue and that these tissues are more
sensitive to androgens than PROG (via androgen receptors). This
finding emphasizes the need to better understand the role of androgens in promoting reproductive readiness in female frogs. In wildcaught female túngara frogs, plasma PROG is known to increase at
reproductive readiness and as plasma androgen concentrations
decrease (Lynch and Wilczynski, 2005). In studies of two species
of North American treefrogs, PROG injections coupled with prostaglandins were sufficient to induce reproductive behavior in females,
and plasma PROG levels were positively correlated with the intensity of female reproductive behavior (Gordon and Gerhardt, 2009;
Ward et al., 2015). Thus, PROG is likely an important endocrine signal involved in reproductive readiness in female frogs. Irrespective

of the mechanistic basis for the more complicated nature of waterborne PROG, the lack of a correlation between water-borne and
whole body homogenate PROG, as well as the relatively low recovery of PROG, suggest limitations to accurately estimating PROG in
water. Lastly, the HPLC-MS results showed that PROG was abundant
in water samples, despite undetectable levels in plasma where dihydroprogesterone was the primary metabolite.
5. Conclusions
The protocol validated here in adult túngara frogs demonstrates
that water-borne CORT and E2 increase in response to pharmacological challenges, correlate with concentrations in the animals
and are confirmed by HPLC-MS. Water-borne PROG concentrations
increased moderately following stimulation with hCG and were
detected by HPLC-MS, suggesting that PROG is excreted as a native
hormone and exhibits some dose-responsiveness; however, we did
not find a correlation between water and whole body PROG concentrations, suggesting that PROG may be complicated by factors
involved conversion and clearance. We found evidence of repeatability in all three water-borne steroids, suggesting that this method
has promise for behavioral endocrinologists interested in estimating stable endocrine correlates of behavioral differences in
amphibians, which are known to carry over from the tadpole stage
(see Wilson and Krause, 2012). Because hormone studies in tadpoles are often limited to whole body homogenates, the links
between water, plasma and whole body homogenates in adults
shown here suggests that water-borne methods should be considered as a method for earlier life stages in amphibians.
Beyond showing the biological relevance of water-borne sampling, the utility of comparisons between circulating and waterborne steroid concentrations will depend on the focus of study.
There is nothing sacrosanct about circulating levels; in terms of
function, we would ideally estimate the concentrations of the steroids bound by receptors in specific target tissues and do so over a
relevant time window of integration. Circulating levels and other
peripheral estimates (e.g. homogenates) provide an instant snapshot proxy for this, and thus suffer from intrinsic (e.g. secretion
periodicity) and extrinsic (e.g. unknown stressors encountered
prior to blood sampling) factors influencing the sample. Excreted
concentrations measured in water, as demonstrated here, provide
a longer integration time, thereby reducing variance due to intrinsic pulsatility, but suffer from the complications of clearance (e.g.
variation in rates and conversion species). The water-borne
method we present here may offer a preferable or sole option in
the many situations where (1) the stress caused by handling and
bleeding needs to be minimized, (2) an integrated measure is
desirable because it better reflects chronic stress (e.g. Sheriff
et al., 2011; Dickens and Romero, 2013), or (3) repeated measures
are required to address a particular question or estimate true baseline concentrations.
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