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ABSTRACT Determination of fecal steroid metabolites is a noninvasive technique that
characterizes the physiological state of organisms without the physiological and psychological stress
of handling. Although this technique has many applications in the study of wildlife and/or captive
animals without the necessity of capturing individuals, it requires a species-specific validation before
use. A complete validation includes an analytical and a physiological one. In the latter changes in
fecal hormone metabolites are induced by previous manipulations of the respective plasma
hormones. Here we validated a method for measuring fecal cortisol metabolites (FCM) in the
hystricomorph rodent Octodon degus. We extracted feces with 80% ethanol and quantified steroids
using a commercial available cortisol radioimmunoassay. We first compared baseline levels of blood
cortisol and FCM, and then performed a challenge test with adrenocorticotropic hormone (ACTH) to
demonstrate that FCM accurately reflect adrenocortical activity. We found a significantly positive
relationship between concentrations of blood cortisol and its fecal metabolites. During the ACTH
challenge test, blood cortisol levels peaked 30 min after injection, and FCM mirrored this peak with a
delay of about 6 hr. Our successfully validated noninvasive method provides new opportunities for
studies assessing the influence of social and ecological factors on degus under natural conditions.
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Glucocorticoids are adrenal steroid hormones that
play an important role in the maintenance of
homeostasis in vertebrates (Wingfield et al., ’97;
Jacobs and Wingfield, 2000; Wingfield and Sapolsky,
2003; Goymann and Wingfield, 2004). Animals
facing immediate environmental challenges (i.e.
stressors) such as predation, aggression from con-
specifics, food scarcity, or high density conditions
exhibit elevated levels of these hormones (Bartolo-
mucci et al., 2001; Creel, 2001; Romero, 2004; Raouf
et al., 2006). Major effects of glucocorticoids under
these conditions are to divert energy from long-term
storage to immediate use, improve cardiovascular

tone, and inhibit the gastrointestinal, reproductive,
and immune system (Sapolsky et al., 2000; Sapolsky,
2002). Therefore, the plasma concentration of
glucocorticoids has been considered a good measure
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of stress in animals (Sapolsky et al., 2000; Wingfield
and Kitaysky, 2002; Wingfield and Sapolsky, 2003;
Romero, 2004; Palme et al., 2005).

Recent ecological and behavioral studies have
emphasized the potential effects of capture and
handling of animals on plasma levels of glucocor-
ticoids (Kenagy and Place, 2000; Place and
Kenagy, 2000; Muller et al., 2006). For instance,
3 min of restraint (handling) is sufficient to
increase the levels of plasma corticosterone over
rest in rodents (Kenagy and Place, 2000; Good
et al., 2003). This situation has led to the search
for alternative methods such as the measurement
of fecal steroids, a noninvasive approach now used
to assess the physiological condition of animals
(Mateo and Cavigelli, 2005; Touma and Palme,
2005). One major advantage of this method is that
fecal steroid measurements represent a cumula-
tive secretion over a number of hours, smoothing
short-term hormonal fluctuations. In addition, the
use of fecal samples does not require the handling
of animals, avoiding its confounding effects. Feces
are easy to obtain and repeated measurement
designs are possible (Goymann, 2005; Palme,
2005). In contrast, the disadvantages of noninva-
sive methods are that the measurements are not
sensitive to smaller, short-term increases of
adrenocortical activity, and the time span repre-
sented in hormonal measurements is not known
precisely (Buchanan and Goldsmith, 2004). In this
sense, noninvasive methods may be better to
evaluate accumulative effects compared with
pulsatile events (Touma and Palme, 2005).

Before fecal glucocorticoid metabolites can be used
in ecological or behavioral contexts, a validation of
the technique is mandatory (Goymann, 2005; Touma
and Palme, 2005; Palme, 2005). A proper validation
requires the assessment of all protocols involved,
including sample storage, extraction procedures, and
the immunoassays used to analyze fecal glucocorti-
coid metabolites (Touma and Palme, 2005). Although
the best option is to collect fecal samples after
defecation and freeze them immediately (Wasser
et al., 2000; Millspaugh and Washburn, 2004), this
may not be possible under field conditions. As an
alternative to freezing some use the storage of
samples in ethanol, but this starts the extraction
(Touma and Palme, 2005; Palme, 2005). Homogeni-
zation of samples taken from individual feces before
the extraction is recommended (Millspaugh and
Washburn, 2004). Finally, caution in the use of
immunoassay is needed because feces are a diverse
matrix, and some other compounds can influence the
determination (Touma and Palme, 2005). Besides an

analytical validation, a physiological validation is also
required. The most common manipulation to achieve
the latter is to increase the circulating levels of
glucocorticoids by the injection of adrenocorticotropic
hormone (ACTH), known as the ACTH challenge
test. Increased levels of fecal glucorticoid metabolites
must accompany the previous enhancement of
adrenocortical activity (Goymann, 2005; Touma
and Palme, 2005). In addition, it is useful to evaluate
baseline levels of plasma glucocorticoids and their
fecal metabolites (Mateo and Cavigelli, 2005).

The degu (Octodon degus) is a social caviomorph
rodent endemic to central Chile (Ebensperger, ’98).
This semi-fossorial, diurnal, and herbivorous
rodent (�180 g) lives in social groups (Soto-Gamboa,
2004; Soto-Gamboa et al., 2005), and has been
successfully utilized as a study model of behavioral
(Ebensperger et al., 2004, 2007; Ebensperger and
Hurtado, 2005; Ebensperger and Blumstein,
2006), ecological (Hayes et al., 2007), and eco-
physiological studies (Bozinovic et al., 2000; Opazo
et al., 2004). More recently, degus have also been
used as a model of endocrinological studies,
including seasonal, circadian, age-dependent,
and socially induced changes in steroid hormones
(Bustos-Obregón and Ramirez, ’97; Kenagy et al.,
’99; Soto-Gamboa, 2005; Soto-Gamboa et al.,
2005), all of which are based on the use of
blood hormone levels. Noninvasive techniques to
monitor hormones in this rodent will open
the possibility of more integrative studies
under field conditions. Therefore, we conducted a
validation of a radioimmunoassay (RIA) for
measuring fecal cortisol metabolites (FCM) as
an indicator of adrenocortical activity in these
rodents.

METHODS

Animals and sample collection

Fecal and plasma samples were obtained from
adult, laboratory raised O. degus (P. Universidad
Católica de Chile), representing a first generation of
wild pregnant female descendants captured in
Rinconada de Maipú (331230S, 701310W; 30 km west
of Santiago), central Chile. Upon weaning (ca. 30
days of age), subjects were kept in same-sex pairs in
clear polycarbonate rat cages (45� 23� 21 cm) with
a bedding of hardwood chips, rabbit food (Cham-
pions, Santiago, Chile) and water provided ad
libitum. In the laboratory the light:dark cycle was
12:12 hr and the temperature was controlled be-
tween ca. 15–251C (night–day). At 2 years of age
(during May of 2007), animals were transported to
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the Universidad Austral de Chile, Valdivia (391490S
and 731150W), where they were housed individually
in clear polycarbonate rat cages and kept under
laboratory conditions similar to those of P. Uni-
versidad Católica de Chile. Before the experiments
all animals were acclimated during 1 month. During
experimental procedures, animals were transferred
to metallic cages (30� 30�20 cm) provided with
wire grill floors and a collection mobile tray beneath
the floor grill. These conditions were effective to
collect fecal samples after removing the tray of the
cage. Collected feces were immediately stored into
Eppendorf tubes with 0.8 mL of 95% ethanol and
were refrigerated at 41C until assayed. Samples were
stored no more than 3 days before FCM extraction.
To collect blood samples, animals were removed
from the cage and immobilized by hand. Blood
samples were taken from the orbital sinus within
80.45745 sec (mean71 standard deviation (SD))
after an animal was removed from a cage (range:
30–200 sec). Given that this time was generally
lower than the range of handling time utilized
during previous studies on O. degus (Kenagy et al.,
’99; Soto-Gamboa, 2005; Soto-Gamboa et al., 2005),
we are more confident that our plasma cortisol
determinations should not be affected by the
sampling procedure itself. Orbital sinus puncture
was performed using micro-hematocrit tubes and
the blood transferred to heparinized eppendorf
tubes. Samples were centrifuged at 3,000g for
10 min and plasma was separated and stored at
�201C until further analysis. Each sample consisted
of 300–500mL of plasma. No degus were harmed by
this procedure and all recovered their regular
locomotor behavior within 1–2 min.

Fecal extraction protocol

We extracted FCM with 80% ethanol, as recom-
mended in a previous study (Mateo and Cavigelli,
2005). We first dried the samples in an oven (951C;
4–5 hr). Dried feces were crushed and carefully
homogenized. A portion (0.1 g; in case of two samples
only 0.05 g) of each sample was mixed with 1 mL of
80% ethanol, vortexed for 5 sec, and centrifuged at
3,000g for 20 min. The supernatants were removed
and stored at �201C until determination of FCM.

To examine the parallelism of diluted fecal
extracts, we pooled a set of samples, and diluted
them serially (1:1–1:4) using zero standards from
the cortisol kits. The slope of the log–logit
relationship between binding affinity and sample
concentration of the diluted extracts was com-
pared with that of the standard curve. The

parallelism between both slopes was tested with
the use of homogeneity of slopes analysis of
covariance (ANCOVA) model. To determine the
extraction efficiency of FCM, we added 9–450 ng of
cortisol to 0.1–0.2 g of pooled fecal samples
(Harper and Austad, 2000). We then used lineal
regression to evaluate whether the fitted model
passed through the origin. The recovery of added
cortisol is reported as a mean percentage (71 SD).

Cortisol RIA

We used the commercial 125I-cortisol RIA
(Coat-A-counts kit, SIEMENS Medical Solutions
Diagnostic, Los Angeles, CA), developed to quantify
cortisol levels in plasma and urine. During the
procedure, we added 25mL of either plasma or fecal
extracts into the tubes containing the antibody, to
which we added 1 mL of 125I-cortisol. The cortisol-
labeled samples were then incubated at 371C for
45 min. Fecal samples were assessed with the use of
steroid-free human serum (standard zero) to
provide similar protein environments (Mateo and
Cavigelli, 2005). Heparin was used as the antic-
oagulant for plasma samples, because EDTA may
alter results of the RIA commercial kit. Labeled 125I
was quantified using a Packard Cobra II model
5002 Auto-Gamma counter. Values from samples
below the limit of detection reported for this
commercial kit (o15% binding, ) were discarded
(N 5 3 samples). In addition, all samples were
assayed in duplicate and reanalyzed whenever the
resulting coefficient of variation exceeded 20%.
Intra- and inter-assay coefficients of variation of
the immunoassay were 6.9 and 14.5%, respectively.

Experimental design

Determination of baseline concentrations
of plasma cortisol and FCM

We collected blood and fresh fecal samples from
16 adult degus (8 males and 8 females) that were
nonreproductive to avoid possible seasonal varia-
tion linked to the hypothalamic–pituitary–adrenal
axis (Kenagy et al., ’99). Samples were collected
sequentially between individuals, all of them
during morning (from 8:00 to 10:00 hr). Values of
baseline plasma cortisol and FCM were compared
using lineal regression after examination of data
normality. We used a homogeneity slope ANCOVA
model to examine possible physiological sex differ-
ences (Zar, ’96). In addition, we utilized Student’s
t-tests to compare plasmatic cortisol and FCM
absolute levels between sexes.
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Physiological validation (ACTH challenge
test)

To evaluate the effect of ACTH we used a serial
plasma and fecal sampling protocol. Plasma
samples were also taken, because an ACTH test
was not previously described in degus. At time 0,
each degu subject (n 5 3, for both sexes) received
an intramuscular injection of 4 IU/kg (about
1.5 mL; 0.5 IU/mL) of ACTH (Sigmas ACTH
porcine pituitary powder, 250 IU, Germany). Be-
fore injection, an initial blood sample was taken to
determine baseline circulating cortisol levels.
Subsequent blood samples were collected 30, 60,
and 120 min after the injection. As previous
studies in rodents indicate that peak excretion of
FCM happens between 4 and 30 h after ACTH
administration (Harper and Austad, 2000; Touma
et al., 2003; Ponzio et al., 2004; Mateo and
Cavigelli, 2005; Lepschy et al., 2007; Bauer et al.,
2008; Novokova et al., 2008), we planned our
subsequent sampling intervals every 6 hr from 0 to
30 h. These experiments were initiated at 13:30 hr
for all degu subjects, with no more than 15 min
delays between first and last subject sampled.
Cages’ trays were cleaned 10 min before fecal
sample collection and therefore we exclusively
collected fresh droppings. The time needed to
collect fecal samples of all individuals was about
12 min. Data were analyzed using a LGM model
with sampling time interval as a repeated measure
and the precise hour of day in which samples were
taken as a covariate (Zar, ’96). This analysis was
followed by post-hoc Tukey tests. Data are re-
ported as means7standard error.

This study complied with ethical regulations
approved by the P. Universidad Católica de Chile
ethical committee, and adhered to Chilean laws
(permit no. 1-58.2005 by the Servicio Agrı́cola y
Ganadero).

RESULTS

Fecal extraction procedure

The serial dilution of pooled extracts of degu feces
indicated no deviations from parallelism between
regression slopes of pooled samples and cortisol
standards (F1,8 5 3.14, P 5 0.116; standard slope 5

�0.855; pooled sample slope 5�0.907; Fig. 1).
Recovery efficiency of cortisol added to the pooled
feces was 73.4%77.70% (y 5 0.729x�0.708, r2 5

0.995, Fig. 2), and the intercept was not significantly
different from zero (t4 5�0.132, P 5 0.901).

Relationship between basal concentration
of plasma cortisol and FCM

The homogeneity of slope ANCOVA model re-
vealed no differences linked to sex (F1, 12 5 0.00742,
P 5 0.933). Similarly, intercepts calculated for male
and female subjects did not differ in plasmatic
cortisol (t-test, t 5 1.81, P 5 0.09) or FCM levels
(t 5 1.27, P 5 0.22), respectively, implying that
plasma cortisol predicted fecal cortisol in males
and females to similar extents. When data from
males and females were pooled, the overall pre-
dictive power of our linear model increased
(r2 5 0.644, F1, 14 5 25.367, P 5 0.0002; y 5 0.305x1

23.87). The resulting intercept was not significantly
different from zero (P 5 0.532; Fig. 3).

Physiological validation (ACTH challenge
test)

Given that (i) sex did not have a significant effect
on FCM during our previous analyses, and that (ii)
expected statistical power was low (three males
and three females were examined), data from male
and female subjects were pooled during the
analysis of the ACTH challenge test. The concen-
tration of plasma cortisol changed significantly
over the sampling period as a result of ACTH
administration (GLM, F1, 12 5 6.32, P 5 0.008),
without a significant effect of time of day of
samples (GLM, F1, 3 5 1.06, P 5 0.36). In particu-
lar, cortisol levels peaked 30 min after ACTH

Fig. 1. Log–logit transformed curves of a serially diluted
fecal pool sample collected from laboratory reared Octodon
degus. The standard curve is indicated by open circles
(y 5�0.855x13.461, r2 5 0.999, Po0.0001). The fecal dilution
is indicated by dark circles (y 5�0.907x13.619, r2 5 0.995,
Po0.0001).
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injection, and returned to baseline levels upon
120 min (Tukey post-hoc test, Fig. 4A). The
concentration of FCM mirrored this pattern of
variation (GLM, F4, 16 5 5.99, P 5 0.002) without a
significant time effect (GLM F1, 4 5 0.06, P 5 0.81).
FCM peaked nearly 6 hr after ACTH injection, and
returned to baseline levels within 18 hr (Tukey
post-hoc tests; Fig. 4B). Samples collected at 12 hr
were excluded from this analysis because an
insufficient number of animals produced fresh
feces at this time.

DISCUSSION

Our study provided an analytical and a physio-
logical validation of a noninvasive method to

assess adrenocortical activity in the social rodent,
O. degus. To do so, we first conducted a paralle-
lism and recovery experiment. The slopes obtained
from standard and pooled samples did not differ
significantly from each other, and the intercept
did not differ from zero, validating the RIA
analytically for a determination of cortisol meta-
bolites. Extraction efficiency of added cortisol
(73.4%) in our study was within the range of
efficiencies reported in other mammal species
(Cavigelli, ’99; Young et al., 2004; Mateo and
Cavigelli, 2005; Cavigelli et al., 2006). Even though
addition of labeled glucocorticods are now widely
used (Goymann, 2005), this method gives an
estimation of FCM extraction efficiency, because
the polarity of FCM differ from the original
cortisol molecule, and the complex interactions
between the sample matrix and FCM could alter
the real values (Goymann, 2005; Möstl et al.,
2005).

Fig. 2. Accuracy of the extraction procedure as assessed
through quantitative recovery efficiency of added cortisol.
The lineal relationship was y 5 0.729x–0.708 (r2 5 0.995,
Po0.00001). The intercept was not significantly different
from zero (t4 5�0.132, P 5 0.901).

Fig. 3. Relationship between plasma cortisol and fecal cortisol
metabolites collected from female and male Octodon degus.

Fig. 4. ACTH challenge test in laboratory reared Octodon
degus. Time 0 represents the baseline cortisol concentrations
just before ACTH injection. Circulating cortisol (A) and fecal
cortisol metabolites (B) were measured at different times.
Data are presented as mean71 standard error. Asterisks (�)
indicate statistically significant differences at Po0.05.

M. SOTO-GAMBOA ET AL.500

J. Exp. Zool.



Our study revealed a statistically significant
linear relationship between baseline plasma corti-
sol and FCM (Fig. 3), similar to previous studies in
other mammals, such as ground squirrels (Mateo
and Cavigelli, 2005) and ring-tailed lemurs
(Cavigelli, ’99). The mean (71 SD) plasma
cortisol levels recorded during our study
(481792 ng mL�1) were similar to levels reported
levels in free-ranging degus, all of which did
not exceed 1,000 ng mL�1 (Kenagy et al., ’99;
Soto-Gamboa, 2004; Soto-Gamboa et al., 2005).
On one occasion, we recorded a single female
exhibiting an extreme value (1,655 ng mL�1).
Although the causes of this presumably ‘‘abnor-
mal’’ measurement remained unknown to us, a
reanalysis of the data without this animal did not
modify any of the relationships recorded
(r 5 0.658, n 5 7, for females, and r 5 0.696,
n 5 15, for sexes combined).

In some cases, the relationship between plasma
levels of glucocorticoids and their metabolites in
the feces may differ between males and females
and hence the FCM in feces not represent
comparable absolute values between them. These
differences could be caused by sexual differences
in steroid-binding globulin concentrations, or by
differential excretion of metabolites via urine and
feces (Touma et al., 2003). In degus, we found no
significant differences in male and female slopes
calculated from plasma and fecal cortisol mea-
sures, i.e. both sexes exhibited similar amounts of
defecated cortisol metabolites in relation to plas-
ma levels. This situation has been reported in
other caviomorph rodent as guinea pigs (Bauer
et al., 2008). Moreover, absolutes values of cortisol
and FCM levels did not exhibit significant sex-
linked differences suggesting similar physiological
pathways of cortisol degradation in both sexes.
This finding does not imply that cortisol rhythms
during the annual cycle are similar in both sexes.
Kenagy et al. (’99) reported significant differences
in degus especially during pregnancy and lacta-
tion, in which cortisol levels of breeding females
increase compared with males or females during
the nonbreeding season. The physiological valida-
tion indicated that FCM accurately reflected
plasma cortisol with a consistent temporal delay.
They increased significantly 6 hr after ACTH
injection, thereby mirroring the peak of plasma
cortisol at 30 min. This relatively short delay of
fecal peak concentrations in degus is in accordance
with other rodents, such as the oldfield mouse
(Peromyscus polionotus; Good et al., 2003), the
house mouse (Mus musculus; Touma et al., 2003),

or the spiny mouse (Acomys cahirinus; Nováková
et al., 2008). These temporal patterns suggest a
relatively fast metabolism and excretion of gluco-
corticoids.

Studies in some rodents revealed an expressed
diurnal variation of fecal glucocorticoid metabo-
lites (e.g. Touma et al., 2004; Lepschy et al., 2007),
whereas others reported, at least partly, the
absence of such variations (Bauer et al., 2008;
Nováková et al., 2008). Interestingly both species
of the latter group (guinea pigs and spiny mice)
have also cortisol as their main glucocorticoid.
Similarly, time of day linked to our individual
samples did not explain any significant proportion
of variation in the level of cortisol metabolites
during the physiological validation test. Thus,
although we cannot rule out that cortisol secretion
follows a circadian rhythm in degus, this factor did
not influence our physiological validation test.

The diurnal, social, and locally abundant degus
are an ideal rodent model for ecological, behavioral
and physiological studies. Our successfully vali-
dated noninvasive method provides new opportu-
nities of research in this species, particularly on
the effects of ecologically and socially induced
stress under natural conditions.
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