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a b s t r a c t
The California mouse, Peromyscus californicus, is an increasingly popular animal model in behavioral, neural, and endocrine studies, but little is known about its baseline hypothalamic–pituitary–adrenal (HPA)
axis activity or HPA responses to stressors. We characterized plasma corticosterone (CORT) concentrations in P. californicus under baseline conditions across the diurnal cycle, in response to pharmacological
manipulation of the HPA axis, and in response to a variety of stressors at different times of day. In addition, we explored the use of fecal samples to monitor adrenocortical activity non-invasively. California
mice have very high baseline levels of circulating CORT that change markedly over 24 h, but that do
not differ between the sexes. This species may be somewhat glucocorticoid-resistant in comparison to
other rodents as a relatively high dose of dexamethasone (5 mg/kg, s.c.) was required to suppress plasma
CORT for 8 h post-injection. CORT responses to stressors and ACTH injection differed with time of day, as
CORT concentrations were elevated more readily during the morning (inactive period) than in the evening (active period) when compared to time-matched control. Data from 3H-CORT injection studies show
that the time course for excretion of fecal CORT, or glucocorticoid metabolites, differs with time of injection. Mice injected in the evening excreted the majority of fecal radioactivity 2–4 h post-injection
whereas mice injected during the morning did so at 14–16 h post-injection. Unfortunately, the antibody
we used does not adequately bind the most prevalent fecal glucocorticoid metabolites and therefore we
could not validate its use for fecal assays.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
The hypothalamic–pituitary–adrenal (HPA) stress response has
been characterized in many vertebrates [31,38] and is activated
when an organism is presented with an actual or potential threat,
resulting in the release of glucocorticoids (GCs) from the adrenal
cortex. The principal glucocorticoid produced by humans and other
primates is cortisol, whereas many rodents, including Peromyscus
californicus, primarily produce corticosterone [64]. Despite the fact
that GCs are often referred to as ‘‘stress hormones’’, the HPA axis is
continuously active and GCs at baseline levels have important daily
functions [72]. Baseline levels of GCs exhibit a sinusoidal pattern
over the course of the day, with the highest concentrations occurring just prior to the onset of waking in most species [reviewed by
33,54,57,58]. Glucocorticoids help organisms respond to and
recover from stressors, and aid in regulation of inﬂammation and
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immune function, gluconeogenesis, brain function, cardiovascular
activity, various behaviors, and numerous other processes
[19,24,25,60,69,72,77,78].
The California mouse, P. californicus, is a monogamous, biparental rodent that is becoming an increasingly popular animal model.
Not only is this species useful for studying parental behavior and
its neural and hormonal correlates [4,7,12,29,30,41,55,84], but it
is also used in studies on aggression [6,76,85,86] and immune
function [36,61,62], as well as in studies investigating relationships
between stress and behavior [3,15,46,87]. California mice survive
and breed well in captivity, and parental behavior by both sexes
has been well characterized [6,12,29,30,39]. Since both males and
females invest heavily in their offspring [40,42], P. californicus provides a valuable model for studying the effects of stress on parental
care, as well as the effects of parental status on stress responsiveness in both mothers and fathers.
Despite the increasing use of California mice in behavioral,
neural, and endocrine studies, little is known about their baseline HPA activity or their HPA response to stressors. Although
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many aspects of the HPA axis are conserved across vertebrates,
several parameters, including circulating GC concentrations,
circadian dynamics, and temporal responses to and recovery
from stressful stimuli, differ markedly among species
[9,28,34,54,68,95] and even within strains of a single species
[32,73]. Thus, before we are able to fully understand and interpret behavioral or physiological data in the context of stress in
California mice, we must ﬁrst characterize normative activity
and reactivity of the HPA axis.
Determination of circulating GC concentrations via plasma or
serum assay provides the most direct measure of GC levels available to the tissues and can provide important information on
immediate HPA responses to perturbations; however, this approach presents several problems. Handling and blood collection
are stressful to many animals and can alter GC levels, as well as
other physiological and behavioral measures, over the short-term
and potentially the long-term, which complicates characterization
of basal GC levels. Collection of repeated blood samples is compromised by the small body size of many animals and the limited volume of blood that can be removed without adverse effects. To
avoid these problems, many researchers are turning to fecal hormone assays, especially in small and/or free-living animals. Fecal
hormone levels are not as sensitive to minor disturbances as are
hormone concentrations measured in the circulation, and reﬂect
circulating hormone levels over a period of hours due to the processes of metabolism and excretion [81–83]. Fecal measures can
thus provide more time-integrated hormone data, thereby yielding
a more comprehensive measure of hormone levels over a period of
time [see 63]. Glucocorticoids or their metabolites have been
measured from fecal samples in numerous mammals, birds and
reptiles [13,37,52,63,82,92]; however, proper and extensive assay
validation for each species is essential to conﬁrm that biologically
relevant GCs or GC metabolites can be measured accurately
[63,66,81–83]. Although fecal GC measures in California mice have
been reported previously [3], a fecal GC assay has not been validated for this species, and GC or GC metabolite excretion patterns
have not been characterized.
The primary objectives of this study were to characterize plasma corticosterone (CORT) concentrations in P. californicus (1) under
baseline conditions across the diurnal cycle, (2) in response to
pharmacological manipulation of the HPA axis, and (3) in response
to a variety of stressors at different times of day. In addition, we explored the use of fecal samples as a means to monitor adrenocortical activity non-invasively in this species.

2. Materials and methods
2.1. Animals
We used California mice that were born and maintained in our
breeding colony at the University of California, Riverside. They
were descended from individuals purchased from the Peromyscus
Genetic Stock Center, University of South Carolina (Columbia, SC)
in 2007. The colony was kept on a 14:10 light:dark cycle, with
lights-on at 0500 h and lights-off at 1900 h. Ambient temperature
was approximately 23 °C with humidity of about 65%. Mice were
housed in standard shoe-box-style, polycarbonate cages
(44  24  20 cm) lined with aspen shavings; cotton wool was
provided for nesting material. Food (Purina 5001 rodent chow)
and water were provided ad libitum. Cages were cleaned once per
week unless otherwise noted. In our colony, siblings are never
mated with one another, and ﬁrst-cousin matings are avoided
whenever possible. Animals were weaned at 27–32 days of age
(prior to the birth of younger siblings), ear-punched for individual
identiﬁcation, and housed in same-sex groups of 2–4 mice. Mice
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either remained in same-sex groups or were paired with an individual of the opposite sex after 90 days of age.
We used a total of 147 mice (69 males and 78 females) from
either same-sex (virgin) or male–female pairs. We were very interested at obtaining basic information about the HPA axis in a representative sample of California mice as this species is becoming
increasingly popular animal model. Additionally, data from our
lab show that baseline CORT concentrations do not differ between
males and females (see Section 3.1), and that baseline and stressinduced CORT levels do not vary across differing reproductive conditions [15;unpub.data] or adult ages [unpub. data]. Therefore,
mice of both sexes and of various ages and reproductive conditions
were used for our HPA-characterization experiments; whenever
possible, however, we avoided the use of pregnant and possibly
pregnant females (6 out of 78 females were housed with a reproductively mature adult male, and might have been pregnant during
testing). Additionally, some mice were used for more than one data
set (diurnal rhythms, stress tests, pharmacological manipulation,
or fecal collection); the mean ± SE number of data sets to which
each mouse contributed data was 1.02 ± 0.05, range 1–3. Different
experiments on the same animal were separated by at least 1 week
to allow recovery. The sex, number, and housing condition of mice
used for each experiment are listed in the description of each
experiment, below. UCR has full AAALAC accreditation, and all procedures were approved by the UCR IACUC and conducted in accordance with the Guide for the Care and Use of Laboratory Animals.
2.2. Blood collection and analysis
Mice were anesthetized with isoﬂurane, and blood (70–140 ll)
was collected from the retro-orbital sinus using heparinized
microhematocrit tubes. Time from disturbance or end of the preceding test to collection of the blood sample was always less than
4.6 min (mean ± SE: 89 ± 2.61 s; range 22–279 s); 97% of samples
were collected in under 3 min and 84% in 2 min or less. Blood samples were centrifuged for 12 min (13,300 rpm, 4 °C), and plasma
was removed and stored at 80 °C until assay.
Plasma was assayed in duplicate for CORT using an 125I doubleantibody radioimmunoassay (RIA) kit (#07–120102, MP Biomedicals, Costa Mesa, CA) previously validated for this species [15].
Samples from each experiment were analyzed in the same assay
if possible, or balanced evenly across multiple assays; however,
an individual mouse’s samples from a given experiment were always analyzed in a single assay run. The standard curve ranged
from 12.5 ng/ml (91% bound) to 1000 ng/ml (20% bound), and plasma samples were assayed using dilutions ranging from 1:50 to
1:1600 depending on anticipated CORT concentrations. Inter- and
intra-assay coefﬁcients of variation (CVs) were 11.2% and 4.7%,
respectively (N = 45 assays).
2.3. Characterization of diurnal rhythm
A total of 6 plasma samples (1200, 1600, 2000, 2400, 0400,
0800 h) were collected from 8 virgin male and 7 virgin female
California mice (all housed in same-sex pairs) under undisturbed
conditions to characterize the diurnal pattern of circulating CORT
concentrations. At least 7 days elapsed between collection of successive samples from the same animal, and the order of sampling
time points was approximately balanced across individuals within
each sex.
2.4. Pharmacological stimulation of adrenal activity
We used adrenocorticotropic hormone (ACTH) to stimulate the
production of CORT. Synthetic ACTH (Cosyntropin, Penn Veterinary, Lancaster, PA) was diluted to 25 lg/ml with sterile saline
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(0.9%) immediately prior to use. Injection volumes ranged from
0.13 to 0.35 ml. The volume of saline injections (vehicle control)
was adjusted for body mass in the same manner as ACTH. All injections were administered i.p. using a 27G needle.
In the ﬁrst ACTH challenge, male mice (n = 6 per injection
condition), either housed in same-sex or male–female pairs, were
injected with either 100 lg/kg ACTH or an equivalent volume of
sterile saline at 0900 h, and a blood sample was collected 1 h later.
These mice were not used in any other experiments. The relatively
high dose of ACTH was chosen to maximally or near-maximally
stimulate the adrenal gland and was based off previous studies
in rats [2,56]. We conducted a second ACTH challenge to elucidate
temporal differences in the adrenocortical response to exogenous
stimulation at times near either endogenous peak (evening) or nadir (morning) HPA activity. Based on response from the 100 lg/kg
dose (see Section 3.2.1), mice in this experiment received two consecutive injections of either saline or ACTH (150 lg/kg). We chose
this higher dose and double-injection protocol because we aimed
to maximally stimulate the adrenal glands, and visual comparison
with our stressor data (see Section 3.5.1) the 100 lg/kg does was
not sufﬁcient to produce maximal response. In order to maintain
comparable groups, we repeated the AM injections with the new
protocol. All mice (n = 48) used in the 150 lg/kg ACTH doubleinjection protocol were virgin females housed in same-sex pairs
and had not been used in any prior experiments; however, 8 of
them were later used in the DEX (see Section 2.5) experiments.
The ﬁrst set of mice was injected with either ACTH (n = 8) or saline
(n = 8) at 0915 h and again at 0945 h. Half of the mice from each
group underwent blood sampling 30 min after the second injection
(1015 h; n = 4 per group), and the others were sampled 60 min
after the second injection (1045 h; n = 4 per group).
The double-injection procedure was repeated in a different set
of animals 3 h prior to lights-off to determine if the response to
ACTH injection changed throughout the day. A total of 32 animals
were injected with ACTH (150 lg/kg) or saline at 1600 h and then
again at1630 h. Half of the mice in each injection group (saline or
ACTH; n = 8 per group) underwent blood sampling at 1700 h
(30 min after the second injection) and the remaining animals
(n = 8 per group) had samples collected at 1730 h (60 min after
the second injection). Plasma from all ACTH challenge trials was
assayed for CORT as described above (see Section 2.2).

2.5. Pharmacological suppression of adrenal activity
Dexamethasone sodium phosphate (DEX, a synthetic glucocorticoid; American Regent, Inc., Shirley, NY) was injected i.p. using
a 27G needle at 0.5, 5, or 10 mg/kg. The stock solution of DEX
(4 mg/ml) was diluted with sterile saline prior to injection to concentrations of 0.1 mg/ml or 1 mg/ml, or left undiluted, respectively.
A total of 24 mice housed in either same-sex (12 females and 10
males) or male–female pairs (2 males) were used for the DEX injection study; reproductive conditions were balanced across dosages
when possible. Sixteen of the 24 animals were used in other experiments. On day 1 all mice underwent blood sampling at 1700 h for
determination of baseline CORT levels, and were then weighed. On
day 2 each animal received a DEX injection at one of the three
doses (n = 4 males and 4 females per dose; injection volume ranged
from 0.09 to 0.33 ml) at 0900 h. Blood was collected from each animal at 1700 h on day 2 (8 h post-injection), day 3 (32 h post-injection) and day 4 (56 h post-injection). Thus, each mouse underwent
blood collection at each of the four time points, but was treated
with only a single dose of DEX. Equipment failure occurred during
processing of one male’s 8 h post-injection sample for the 10 mg/
kg group; therefore, that animal’s data were omitted from the
analyses.

2.6. Physical and environmental stimulation of adrenal activity
To quantify adrenal activity in response to a variety of challenges, we exposed mice to four commonly used laboratory stressors [47]: predator urine, forced swim, restraint, and shaking. All
four stimuli were presented once in the morning at 0755–0945 h
(lights-on, inactive period) and once in the evening at 1930–
2100 h (lights-off, active period), in order to determine how the
HPA response to stressors changes throughout the day. For forced
swim, restraint, and shaking stress data, some mice were used in
two of the three experiments; all mice were given at least 7 days
to recover between testing.
2.6.1. Predator-urine exposure
Predator urine (fox and bobcat) was purchased from Maine Outdoor Solutions (Hermon, ME). Pilot studies and previous research
from our lab suggest that fox and bobcat urine both elicit a rise
in plasma CORT and that response magnitude does not differ between odor types [15; unpub. data]. Odor testing is described in
detail elsewhere [15]. Brieﬂy, mice were taken to a procedure room
and placed individually in clean cages identical to their home cage
but containing no nesting cotton, food or water. A cotton ball
soaked with 1 ml predator odor was placed in a shallow plastic
cup, and the cup was placed in the cage for the allotted time. The
cup and urine-soaked cotton ball were then removed from the cage
and from the testing room. A time-course study was conducted following 8 min of fox-urine exposure beginning at 0755 h (during
lights-on). Blood samples were collected from different mice
(n = 4 per time point; 12 females and 4 males, housed in samesex (8 females) or male–female pairs (4 females, 4 males)) at 1,
15, 30, and 60 min following the end of urine exposure; 0800 h
samples from the diurnal-rhythm study (see Section 2.3) were
used as undisturbed control values for comparison. These mice
were not used in any other experiments.
A lights-off trial was conducted following 5 min of bobcat-urine
exposure beginning at 1930 h. A blood sample was collected from
each mouse (n = 8; 5 males (all pair-housed with females) and 3 females (pair-housed with a male (n = 2) or female (n = 1)) immediately following exposure to the urine; 2000 h samples from the
diurnal-rhythm study (see Section 2.3) were used as undisturbed
control values for comparison. These mice were not used in any
other experiments.
2.6.2. Forced swimming
Containers for swimming (1500 ml Vac-Rite beakers, Baxter,
Deerﬁeld, IL) were ﬁlled with approximately 850 ml of water
(24–25 °C); this volume prevented mice both from touching the
bottom of the beaker and from climbing out of the top. Mice
(n = 4 per time point; all males, housed in either same-sex (n = 6)
or male–female (n = 10) pairs, housing conditions balanced across
time points) were transferred to a procedure room and placed in
individual swim containers for 5 min, during which they were
monitored closely. After the swimming session the mice were towel-dried and either underwent blood collection immediately
(1–2 min post-stress) or were placed back in their home cage,
which remained in the procedure room for 30 min, after which a
blood sample was collected (30 min post-stress). The lights-on session began at 0845 h and the lights-off session at 2050 h; different
groups of mice were used for the two times of day.
2.6.3. Restraint
Mice (n = 4 per time point; all males, housed in either same-sex
(n = 5) or male–female (n = 11) pairs, with housing conditions balanced across time points) were taken to a procedure room and
placed in a plastic DecapiCone (MDC-200, Braintree Scientiﬁc,
Braintree, MA) for 5 min. The back portion of the DecapiCone

B.N. Harris et al. / General and Comparative Endocrinology 179 (2012) 436–450

was folded around the tail and secured with a binder clip, or was
held in place manually, in order to prevent movement. Upon termination of the procedure mice either underwent blood sampling
immediately (1–2 min post-stress) or were placed back in their
home cage, which remained in the procedure room, for 30 min
and then sampled (30 min post-stress). The restraint stressor was
performed during both lights-on (beginning at 0840 h) and
lights-off (beginning at 2050 h), and different groups of mice were
used for each time of day.
2.6.4. Shaking
Mice (n = 4 per time point; all males, housed in either same-sex
(n = 10) or male–female (n = 6) pairs, with housing conditions balanced across time points) were placed individually in small plastic
containers (approximate volume 700 ml), transferred to a procedure room and shaken on a lab rotator (Unico, Dayton, NJ) at a speed
of 200 rpm for 5 min. Mice were then immediately taken for blood
sampling (1–2 min post-stress) or placed back in their home cage,
which remained in the procedure room, until blood collection
(30 min post-stress). The stressor was administered both during
lights-on, beginning at 0825 h, and during lights-off, beginning at
2030 h; different groups of mice were used for each time of day.
2.7. Corticosterone metabolism and excretion
2.7.1. 3H-Corticosterone Injections
To examine the metabolism and time course of excretion of
CORT in P. californicus, we followed the methods previously
reported by Touma and colleagues (2003) for house mice (Mus
musculus domesticus). Eight mice (4 males and 4 females; all virgin
animals housed in same-sex pairs that had not been part of any
other experimental procedure) were injected i.p. with 3H-CORT
(NET399250UC, Perkin Elmer, Waltham, MA). Each mouse received
100 ll of 3H-CORT in saline, yielding a dose of 40 lCi
(37,000,000 cpm per injection). Beginning 3 h prior to injection,
mice were individually housed in polycarbonate cages
(44  24  20 cm) designed to facilitate collection of feces and
urine. The cages did not contain bedding or cotton, and the cage
bottom was lined with ﬁlter paper to absorb urine. A wire mesh
grate (23G galvanized steel, 0.64 cm mesh) raised 2.5 cm above
the bottom of the cage was placed on the ﬁlter paper so that fecal
pellets would fall to the bottom of the cage. In order to determine if
the time course of CORT metabolism and/or excretion changes over
the course of the activity cycle, the 8 mice were split into two
groups (n = 2 males and 2 females per group): one group was injected with 3H-CORT at 0600 h (1 h after lights-on) and the second
group was injected at 2000 h (1 h after lights-off); the two groups
were injected on separate days.
For both groups, all fecal pellets and the ﬁlter paper that absorbed urine were collected every 2 h for the ﬁrst 24 h following
injection, and then every 12 h until 84 h post-injection. Collections
that occurred during the dark phase were done using a red-light
headlamp in order to minimize disturbance. During sample collection each mouse was placed individually into a plastic container
while all fecal pellets were gathered from the cage and ﬁlter paper
was replaced. Following the return of each mouse to its cage, fecal
pellets collected from the cage and the temporary holding container
were counted and combined as a single time-point sample. Fecal
pellets and urine samples (ﬁlter paper) were stored at 20 °C until
extraction and analysis. At the end of the experiment (84 h postinjection), mice were euthanized by pentobarbital overdose; thus,
each mouse was used for only one injection.
2.7.2. Preparation and extraction of 3H-corticosterone samples
All urinary and fecal steroid extractions, high-performance
liquid chromatography, and radioimmunoassays were performed
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at the San Diego Zoo Institute for Conservation Research (Escondido, CA). Individual sheets of ﬁlter paper containing absorbed
urine samples were placed on a UV light table to allow visualization of urine spots. Spots were traced with a pen, cut from the
sheet, placed into scintillation vials along with 5 ml of scintillation
cocktail, and then counted in a LS 6500 liquid scintillation counter
(Beckman Coulter, Brea, CA). The percentage of 3H-CORT and
3
H-CORT metabolites excreted in urine at each time point was
calculated as the total amount of radioactivity recovered from
the ﬁlter paper at each time point divided by the total radioactivity
recovered in the urine across the entire 84-h collection period.
All fecal pellets collected from each mouse at a single time point
were extracted and analyzed together in order to determine the
total amount of 3H-CORT and 3H-CORT metabolites excreted in
feces at each collection time point. Fecal samples were transferred
to 150  16 mm glass tubes and extracted in 20 ml of 80% methanol by shaking for 60 min. After allowing the fecal pellets to settle
to the bottom of the tube, the extract was drawn off and stored at
20 °C until further analysis. Total radioactivity at each time point
was determined by transferring 1 ml of fecal extract to a scintillation vial along with 5 ml of scintillation cocktail, counting on a
liquid scintillation counter, and multiplying the counts per minute
by 20. The percentage of 3H-CORT and 3H-CORT metabolites
excreted in feces at each time point was calculated as the total
amount of radioactivity recovered at each time point divided by
the total radioactivity recovered in the feces across the entire
84-h collection period.
2.7.3. High-Performance Liquid Chromatography (HPLC)
In an effort to characterize the major glucocorticoid metabolites
present in P. californicus feces, fecal extracts from the 3H-CORT-injected mice were analyzed by HPLC. A total of 8 fecal extract samples were chosen that corresponded to the time points that yielded
the greatest amount of recovered radioactivity: the 4 and 14-h
post-injection samples from the 2000 and 0600 h injections,
respectively. Fecal extracts (1 ml) were dried down, reconstituted
in water, and then passed through C18 cartridges (WAT051910
Sep-Pak, Waters, Milford, MA) that had been conditioned with
10 ml each of 100% methanol and then water. The samples were
then washed with 10 ml of water, eluted from the cartridges with
5 ml of 100% methanol, dried down under vacuum, and reconstituted in 0.2 ml of 100% methanol.
Following solid-phase extraction, 20 ll of each fecal extract
sample was injected into a Beckman System Gold 3-piece unit
(Programmable Solvent Modules 125/406 and Diode Array Detector Module 186, Beckman Coulter) and separated on a Nova Pak
C18 column (WAT086344, 3.9  150 mm, Waters). Samples were
separated along an acetonitrile gradient beginning with 2:98 (acetonitrile:water, v/v) and increasing to 75:25 over 75 min at a ﬂow
rate of 1 ml per min. Fractions were collected at 1 min intervals;
250 ll of each fraction was added to 5 ml of scintillation cocktail
and counted to determine the radioactivity of each fraction. The
elution times of 3H-labeled fractions were compared to the elution
times of several commercially available (Steraloids, Newport, RI)
steroids (corticosterone, cortisol, testosterone, estrone sulfate,
and progesterone) and steroid metabolites (5b-androstane-3a-ol11–17-dione and 5a-pregnane-3b,11b,21-triol-20-one) similarly
prepared and fractionated by the same HPLC protocol.
2.8. Fecal glucocorticoid immunoreactivity
To determine the feasibility of noninvasive adrenal activity
monitoring, we tested a fecal glucocorticoid RIA based on a
commonly used [e.g., 5,14,37,45,92] and commercially available
polyclonal antibody (rabbit anti-corticosterone, 07120113, MP Biomedicals, Costa Mesa, CA). Fecal samples were collected from two
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female mice at 1600 h by gently holding the animals by the scruff
until fecal pellets were produced. The fecal samples were immediately place in 1.5 ml vials and stored at 20 °C until extraction and
assay. Non-radioactive fecal pellets were extracted as previously
described (Section 2.7.2) with the following exceptions. Individual
fecal pellets were lyophilized overnight and extracted in 1 ml of
80% methanol in 12  75 mm borosilicate tubes. Following
60 min of shaking, 0.9 ml of the extract was transferred to a clean
tube, dried down under vacuum, and reconstituted in 1 ml of phosphate-buffered saline (PBS, pH 7.0). Duplicate aliquots of 100 ll
were set aside from each sample for direct analysis by RIA, while
the remaining extracts were combined and prepared for HPLC by
solid-phase extraction as described above (Section 2.7.3). Duplicate
aliquots of the combined and concentrated extract were fractionated by HPLC, resulting in 75 duplicate 1 ml fractions. Duplicate
HPLC fractions were dried down and reconstituted in 1 ml PBS
prior to analysis by RIA.
Serially diluted standards of 0.19–24 ng/ml corticosterone were
prepared in PBS and run in duplicate in each RIA, along with quality control samples of approximately 0.4 and 4.0 ng/ml. To reduce
nonspeciﬁc binding, 0.4 ml of 0.4% bovine serum albumin (Fraction
V; Fisher Scientiﬁc, Pittsburgh, PA) in PBS was added to each tube.
Tritiated CORT (1,2,6,7-3H; Perkin Elmer, Waltham, MA) was added
at 10,000 cpm per 0.1 ml. Finally, CORT antiserum was added in
0.1 ml of PBS at a dilution of 1:1200 to bring the ﬁnal volume to
0.7 ml. Following an overnight incubation at 4 °C, bound-free separation was performed by adding 250 ml of 5% charcoal/0.5% dextran in PBS, incubating at 4 °C for 30 min, and centrifugating at
2000 x g for 15 min. The supernatant was combined with 3.5 ml
of scintillation cocktail and counted on a Beckman LSC6500 scintillation counter. The concentrations of corticosterone standards
were plotted against the log–logit transformation of the % 3H-CORT
bound. Immunoreactivity was expressed as mean pg/fraction.
2.9. Statistical analysis
All analyses were performed using SPSS 17.0 for Windows (IBM
Corporation, Armonk, NY). Data were tested for normality and
were visually inspected to ensure that results were not being driven by a small number of extreme values. All plasma CORT data
were log10-transformed to meet normality assumptions; however,
data are presented as non-transformed values, in the text and the
ﬁgures, for ease of interpretation. Plasma CORT data were analyzed
via independent-samples t-test, Pearson’s correlation, ANOVA, or
repeated-measures ANOVA. Post-hoc tests following ANOVA were
either Fisher’s LSD (for resolution of simple main effects, and for
diurnal rhythm data), or were Sidak-corrected comparisons (all
other post hoc analyses). All tests were two-tailed, and P 6 0.05
was considered signiﬁcant. 3H-CORT results were analyzed using
a mixed-model ANOVA so that animals with missing data (no fecal
samples produced) could be included in the analysis. Akaike Information Criterion was used to determine which covariance structure provided the best ﬁt [43,91]; compound symmetry,
correlative compound symmetry, and the ﬁrst autoregressive
covariance structures were tested.
3. Results
3.1. Diurnal rhythm in plasma CORT concentrations
CORT data were analyzed via repeated-measures ANOVA, and
Fisher’s LSD post hoc tests were used to determine which time
points differed from one another, due to our prediction that CORT
would follow a daily cycle with highest levels occurring just prior
to the onset of activity. Plasma CORT concentration (Fig. 1) varied

dramatically throughout the day (F5,65 = 75.840, P < 0.001) but did
not differ between the sexes (F1,13 = 0.025, P = 0.876), nor was
there a timesex interaction (F5,65 = 0.527, P = 0.755). The highest
plasma CORT levels occurred shortly after lights-off (1818.01 ±
159.63 ng/ml at 2000 h) and were signiﬁcantly elevated compared
to all other time points (P 6 0.007 for each post hoc comparison),
whereas the lowest CORT levels occurred at the beginning of the
inactive period (39.94 ng/ml at 0400 h and 41.69 ng/ml at
0800 h). Plasma CORT concentration did not differ between the
0400 h and 0800 h samples (t14 = 0.19, P = 0.853), or between the
1600 h and 2400 h samples (t14 = 1.04, P = 0.320); as with 2000 h
samples, the 1200 h time point (207.31 ± 65.18 ng/ml) was different from all other time points (P 6 0.001 for each post hoc
comparison).
To determine whether time elapsed from cage disturbance until
sample collection had an effect on plasma CORT levels, Pearson’s
correlations were performed using seconds until sample collection
and log10-transformed CORT concentration, for both the nadir
(0800 h) and peak (2000 h) time points. Time from disturbance of
cage until collection of blood sample (range: 60–168) was not signiﬁcantly correlated with plasma CORT concentration at either
time point (0800 h: r = 0.036, P = 0.898, n = 15; 2000 h: r = 0.198,
P = 0.480, n = 15).
3.2. Plasma CORT response to ACTH challenge
3.2.1. 100 lg/kg vs. saline
Injection of 100 lg/kg ACTH i.p. at 0900 h signiﬁcantly increased plasma CORT levels 1 h later when compared to saline
injection (1255.57 ± 217.24 vs. 26.92 ± 7.03 ng/ml CORT, respectively; t10 = 12.597, P < 0.001; independent-samples t-test). Additionally, post-saline-injection CORT levels were lower than
0800 h baseline values from the diurnal-rhythm study
(26.92 ± 7.03 vs. 41.69 ± 3.84 ng/ml, respectively; t19 = 2.146,
P = 0.045).
3.2.2. 150 lg/kg vs. saline
CORT data (Fig. 2. A&B) were analyzed by two 2  2 ANOVAs,
one for each time of day, with time post-injection (30 or 60 min)
and treatment (ACTH or saline) as ﬁxed factors.
3.2.2.1. Morning (0900h) injections. Plasma CORT levels were significantly higher at 30 min than at 60 min following the second ACTH
injection (F1,12 = 5.632, P = 0.035). Additionally, ACTH-injected animals had higher plasma CORT levels than did saline-injected animals (F1,12 = 74.541, P < 0.001). There was no interaction between
treatment and time (P = 0.695).
3.2.2.2. Afternoon (1600h) injections. In contrast to morning CORT
levels, afternoon CORT levels did not differ signiﬁcantly between
ACTH- and saline-treated animals (P = 0.234) or between the 30and 60-min time points post-injection (P = 0.514). Additionally,
there was no interaction between treatment and time of sampling
(P = 0.877).
3.3. Plasma CORT Response to DEX Challenge
Data were analyzed using repeated-measures ANOVA with day
of sample (day 1, 2, 3, and 4) as a within-subjects factor and dose
(0.5, 5, and 10 mg/kg) as a between-subjects factor (Fig. 3). Day of
sample had a signiﬁcant effect on plasma CORT (F3,60 = 7.941,
P < 0.001), as did dose of DEX (F2,20 = 10.554, P = 0.001), and a daydose interaction (F6,60 = 4.279, P = 0.001) was observed.
Within treatment groups, 0.5 mg/kg DEX did not suppress plasma CORT levels at any time point measured, as plasma CORT levels
did not differ across time (P > 0.794 for all post hoc comparisons). A
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Fig. 1. Diurnal rhythm of plasma CORT concentrations in adult, same-sex-housed, virgin male (n = 8) and virgin female (n = 7) California mice. Data were log10-transformed
for analysis but are presented as non-transformed values for ease of interpretation. CORT levels changed across time but did not differ between the sexes; main effect of time
for both sexes combined is displayed on the graph. Points with different letters differ signiﬁcantly from one another (P < 0.007). Horizontal black bars correspond to lights-off.

Fig. 2. Plasma CORT concentrations of adult, virgin, same-sex-housed female California mice at 30 or 60 min following the second of two successive injections of ACTH
(150ug/kg) or saline administered at either 0900 h and 0930 h (A; n = 4 per time point) or 1600 h and 1630 h (B; n = 8 per time point) (lights-on: 0500–1900 h). Data were
log10-transformed prior to analysis, but non-transformed data are presented for ease of interpretation. Injection of ACTH in the morning (A) signiﬁcantly elevated plasma
CORT levels at both 30 and 60 min compared to saline injection (P < 0.001), and CORT levels 30 min post-injection were higher than those 60 min post-injection (P = 0.035).
ACTH injection did not produce a signiﬁcant increase in CORT when administered in the afternoon (B).

dose of 5 mg/kg DEX caused a decrease in CORT 8 h post-injection
compared to baseline levels (t = 3.672, P = 0.009); however, CORT
concentrations at 32 h and 56 h post-DEX did not differ from baseline levels (P = 0.929 and P = 0.105, respectively). The 10 mg/kg
DEX dose suppressed CORT at 8 h post-injection when compared
to baseline (t = 4.864, P = 0.001), but, as seen with the 5 mg/kg
dose, neither 32 h (P = 0.992) nor 56 h post-DEX values differed
from baseline (P = 0.999).
On day 2 (8 h post-DEX) the 0.5 mg/kg DEX group had higher
plasma CORT compared to the 5 mg/kg DEX group (t = 3.778,
P = 0.004) and the 10 mg/kg DEX group (t = 5.303, P < 0.001); CORT
levels did not differ between the 5 mg/kg and 10 mg/kg DEX
groups (t = 1.656, P = 0.303). CORT concentrations did not differ

signiﬁcantly among the groups on day 1 (baseline; all pairwise P
values > 0.8), day 3 (32 h post-DEX; P > 0.6), or day 4 (56 h postDEX; P P 0.25).
3.4. Plasma CORT response to predator odor
Plasma CORT levels over time following exposure to predator
odor during lights-on were analyzed using a one-way ANOVA
(Fig. 4.). Time of sample post-exposure (baseline, 1, 15, 30, or
60 min) affected plasma CORT levels (F4,26 = 17.883, P < 0.001).
CORT concentrations were signiﬁcantly elevated above baseline
at each time point following predator-odor exposure (1 min:
t = 4.570, P = 0.001; 15 min: t = 7.282, P < 0.001; 30 min: t = 4.361,
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Fig. 3. Plasma CORT concentrations at 1900 h of adult male and female California mice at baseline (D1), and 8 (D2), 32 (D3) and 56 (D4) hours after DEX injection (0.5, 5 or
10 mg/kg) at 0900 h on D2. Data were log10-transformed for analysis, but non-transformed values are presented for ease of interpretation; CORT data from males and females
are pooled (4 males, 4 females per dose except for the 10 mg/kg which had 3 males and 4 females). Both the 5 mg/kg and 10 mg/kg doses of DEX suppressed plasma CORT at
8 h after injection as compared to baseline, but not at 32 h or 56 h post-injection. CORT levels 8 h post-DEX did not differ between the 5 and 10 mg/kg doses, but both were
signiﬁcantly lower than CORT values 8 h after the 0.5 mg/kg dose (a vs. b; P < 0.004 after Sidak-corrected comparison). CORT concentrations did not differ among the three
groups on D1, D3, or D4. ⁄⁄P < 0.01 following Sidak-corrected comparisons after repeated-measures ANOVA.

Fig. 4. Plasma CORT response of adult male and female California mice to predator odor exposure at 0800 h. Data for each post-stress time point comprise values from 4
individual mice, and sexes were pooled; basal values are from the diurnal-rhythm data set. Data were log10-transformed prior to analysis, but non-transformed values are
presented for ease of interpretation. CORT concentrations did not differ across post-stress time points, but all post-stress values (b) were higher than baseline levels (a).
Baseline vs. 1 min, P = 0.001; baseline vs. 15, min P < 0.001; baseline vs. 30 min, P = 0.002; baseline vs. 30 min, P = 0.003.

P = 0.002; 60 min: t = 4.175, P = 0.003). Plasma CORT levels peaked
at 15 min post-stress and then declined at 30 and 60 min poststress; however, CORT levels did not differ signiﬁcantly between
any of the post-stress samples (P > 0.186 for all post hoc
comparisons).

A different set of animals was exposed to predator odor during
lights-off (2000 h). Data were analyzed via independent-samples
t-test. Exposure to 1 ml of bobcat urine did not signiﬁcantly elevate
plasma CORT, 1–2 min post-stress, above baseline values collected
from control mice at the same time of day (1818.01 ± 159.63 vs.
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2281.14 ± 271.38 ng/ml CORT, respectively; t21 = 1.36, P = 0.189).
Evening post-stress CORT levels were signiﬁcantly elevated compared to morning (0800 h) baseline levels (independent-samples
t-test; t21 = 22.142, P < 0.001) and, samples collected 1 min following evening predator-urine exposure contained higher levels of
CORT than samples collected 1 min following morning predatorurine exposure (2281.14 ± 271.38 vs. 365.123 ± 177.17 ng/ml;
t3.32 = 4.096, P = 0.022). Additionally, CORT concentrations
following morning urine exposure (all time points combined,
n = 16) were lower than evening (2000 h) baseline concentrations
(504.36 ± 140.35
vs.
1818.02 ± 159.63 ng/ml;
t29 = 5.916,
P < 0.001). These data show that predator odor elicits a signiﬁcant
rise above baseline CORT concentrations in the morning, when
endogenous CORT is low, but does not elevate CORT above baseline
levels in the evening, when baseline levels are high. Additionally,
post-exposure values in the evening were signiﬁcantly higher than
post-exposure values in the morning, and morning post-exposure
levels did not reach evening baseline concentrations.
3.5. Plasma CORT responses to stressors during lights-on and lights-off
Plasma CORT responses to each stressor (restraint, shaker,
forced swim) were compared between lights-on and lights-off
using a 2 (time of day; 0800 h or 2000 h)  3 (blood sample time;
baseline, 1–2 min or 30 min) ANOVA; baseline values from the
diurnal-rhythm data set (see Section 3.1) were used for comparison (Fig. 5). Analysis for each stressor type revealed signiﬁcant effects of blood sample time (F2,40 = 63.658, restraint; F2,40 = 56.369,
shaker; F2,40 = 104.306, forced swim; P < 0.001 for each analysis),
time of day (F1,40=24.865, restraint; F1,40=54.789, shaker;
F1,40=76.297, forced swim; P < 0.001 for each analysis), as well as
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an interaction between the two (F2,40=126.925, restraint;
F2,40=83.562, shaker; F2,40=63.187, forced swim; P < 0.001 for each
analysis). Samples collected in the evening contained higher CORT
concentrations than those collected in the morning (P < 0.001 for
each analysis). The results of the interaction between time of day
and blood sample time for each stressor are presented below.
3.5.1. Forced swim
Morning post-stress CORT levels were higher than morning
baseline values (1–2 min vs. baseline, t = 12.48, P < 0.001; 30 min
vs. baseline, t = 15.45, P < 0.001). CORT levels did not differ signiﬁcantly between the two morning post-stress time points, but
tended to be higher 30 min post–stress than 1–2 min post-stress
(P = 0.068). In the evening, CORT levels were signiﬁcantly elevated
above baseline at 1–2 min (t = 2.83, P = 0.022) but not at 30 min
post-stress (P = 0.666); CORT concentrations did not differ between
the two post-stress time points (P = 0.412). Samples taken 1–2 min
following forced swim in the evening contained more CORT than
those taken 1–2 min following forced swim in the morning
(t = 3.09, P = 0.004); however, there was no difference between
plasma CORT levels 30 min following forced swim in the morning
and evening (P = 0.491).
To determine whether CORT levels following evening postswim were indicative of maximal CORT output, we compared CORT
concentrations from 1–2 min post-evening swim to those obtained
30 min following the second AM 150 lg/kg ACTH injection, as this
was a very high dose of ACTH and maximal adrenal output may
have been achieved. CORT levels 1–2 min post-swim in the evening
were higher than those obtained by pharmacological manipulation
(3729.27 ± 370.51 vs. 2625.62 ± 193.63, respectively; independent-samples t-test; t6 = 2.859, P = 0.029).

Fig. 5. Plasma CORT concentrations of adult male California mice (n = 4 per sample time) 1–2 and 30 min following exposure to a forced-swim, restraint, or shaking stressor
at either 0800 h or 2000 h. Basal levels from the diurnal-rhythm study were used for comparison. Data were log10-transformed and analyzed via three 2x3 ANOVAs; however,
non-transformed data are presented for ease of interpretation. Vertical gray bars signify lights-off time periods. Several post-stress means were signiﬁcantly higher than
0800 h baseline levels (denoted by a), only one post-stress sample time point was higher than 2000 h baseline levels (denoted by b), and two post-stress samples were lower
than baseline at the same time of day (denoted by c). Baseline CORT levels at 0800 h were lower than baseline levels at 2000 h; CORT levels decreased rapidly following
shaking at both times of day, and following restraint at 2000 h. ⁄⁄P < 0.01 following Sidak-corrected comparisons. In addition to differences shown on the graph, samples
taken 1–2 min post forced-swim at 2000 h contained more CORT than did samples collected 1–2 min post forced-swim at 0800 h; and samples collected 30 min post-restraint
at 0800 h had higher corticosterone than did samples from 2000 h.
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Fig. 6. Mean proportion of total fecal radioactivity excreted by adult male and female California mice (4 male, 4 female; half of which were injected at 2000 h and the other
half at 0600 h) per time point; data from the sexes were pooled. Animals injected at 2000 h excreted more radioactivity 2 h post-injection but less radioactivity at 14 h and
16 h post-injection, compared to animals injected at 0600 h. ⁄⁄P < 0.01, ⁄P < 0.05.

3.5.2. Restraint
In the morning, CORT was elevated above baseline at both 1–2
(t = 15.28, P < 0.001) and 30 min post-restraint (t = 13.70,
P < 0.001), but did not differ between the two post-stress times
(t = 1.25, P = 0.521). In the evening, CORT levels 1–2 min post-restraint did not differ from baseline (P = 0.999). Unexpectedly, CORT
levels 30 min after restraint were lower than CORT levels both at
the evening baseline (t = 5.84, P < 0.001) and at 1–2 min post-stress
(t = 4.65, P < 0.001). CORT levels 30 min following restraint were
lower in the evening than in the morning (t = 3.79, P < 0.001),
whereas plasma CORT levels 1–2 min following restraint did not
differ between the morning and evening (P = 0.693).

(0.160 ± 0.005 vs. 0.211 ± 0.008; F1,6 = 28.955, P = 0.002). The proportion of injected radiation excreted in feces (0600 h vs 2000 h:
0.599 ± 0.064 vs. 0.557 ± 0.053; F1,6 = 0.254, P = 0.632) or urine
(0600 h vs 2000 h: 0.401 ± 0.064 vs. 0.443 ± 0.053; F1,6 = 0.254,
P = 0.632) did not differ based on injection time. Paired-samples
t-tests revealed that the proportion of excreted radioactivity contained in feces and in urine did not differ following 3H-CORT injection at either 0600 h (0.599 vs. 0.401, respectively; t3 = 1.536,
P = 0.222) or 2000 h (0.526 vs. 0.443, respectively; t3 = 1.075,
P = 0.361).

3.5.3. Shaking
In the morning, plasma CORT concentrations differed at all
three time points (baseline, 1–2 min- and 30 min-post stress), with
post-stress values being higher than baseline (baseline vs. 1–
2 min: t = 15.01, P < 0.001; baseline vs. 30 min: t = 8.52, P < 0.001)
and 1–2 min post-stress levels being higher than 30 min poststress (1–2 min vs. 30 min: t = 5.16, P < 0.001). In the evening,
CORT levels 1–2 min post-stress did not differ from baseline
(P = 0.999), but CORT levels 30 min post-stress were signiﬁcantly
lower than both baseline (t = 4.84, P < 0.001) and 1–2 min poststress levels (t = 3.84, P = 0.001). CORT levels 1–2 min (P = 0.484)
and 30 min (P = 0.546) following shaking did not differ between
the morning and evening.

The proportion of total excreted radiation in either feces or urine was calculated for each time point and was analyzed using two
separate mixed-model ANOVAs (one for each form of excreta) to
account for missing data points (which occurred when no fecal
or urine samples were excreted in a given collection period). The
covariance structure used for the analysis of fecal CORT was compound symmetry, and the ﬁrst-order autoregressive structure was
used for urine data. Time of injection (0600 or 2000 h) did not affect the total proportion of radioactivity excreted in urine
(F1,57.55 < 0.01, P = 0.999) or feces (F1,2.89 = 0.944, P = 0.405). Time
of collection post-injection affected urinary radioactivity (Supplemental Table A; F16,27.17 = 52.512, P < 0.001) as well as fecal radioactivity (Supplemental Table B; F16,77.47 = 6.747, P < 0.001). When
injection was administered at 2000 h, a greater amount of urinary
radioactivity was excreted at 2 h post-injection than at any other
time point; when injection occurred at 0600 h, however, urinary
radioactivity did not differ between the 2 and 4 h post-injection
time points, but radioactivity at both of these times did differ from
all other time points (Supplemental Table A). Excretion of fecal
radioactivity was most prominent in the ﬁrst 8 h following injection at 2000 h, but showed a more bimodal pattern of excretion
when injection of radioactivity occurred at 0600 h, with peaks at
both 2–4 h and 14–16 h post-injection (Supplemental Table B).
Additionally, the interaction between time of injection and time
of collection was signiﬁcant for both fecal (F16,77.474 = 5.00,

3.6. Route of 3H-labelled corticosterone excretion
Route-of-excretion data were analyzed using a multivariate ANOVA with sex and time of injection (0600 or 2000 h) as ﬁxed factors, and total proportion of injected radioactivity excreted,
proportion of excreted radioactivity present in fecal samples, and
proportion of excreted radioactivity present in urine samples as
dependent variables. Sex did not affect any of these measures
(P > 0.276 for all measures), so data from males and females were
pooled. Animals injected at 0600 h excreted a lower proportion of
total injected radioactivity than did mice injected at 2000 h

3.7. 3H-labelled CORT excretion time course
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Fig. 7. Mean proportion of total urinary radioactivity excreted by adult male and female California mice (4 male and 4 female; half of which were injected at 2000 h and the
other half at 0600 h) per time point; data from the sexes were pooled. Animals injected at 2000 h excreted more radioactivity 2 h post-injection but less radioactivity at 4 h
post-injection, compared to animals injected at 0600 h. ⁄⁄P < 0.01, ⁄P < 0.05.

P < 0.001) and urine (F16, 27.174 = 2.895, P = 0.007) samples; those
results are discussed below.
Animals injected with 3H-CORT at 2000 h excreted a higher proportion of fecal radioactivity in the ﬁrst 2 h post-injection (t = 4.81,
P < 0.001), but excreted a lower proportion of fecal radioactivity at
14 h (t = 6.06, P < 0.001) and 16 h (t = 2.86, P = 0.005) post-injection, when compared to animals injected at 0600 h (Fig. 6.). Proportion of fecal radioactivity excreted did not differ between the
two groups at any other time point.
For urine samples, animals injected at 2000 h excreted a higher
proportion of urinary radioactivity in the ﬁrst 2 h post-injection
(t = 5.45, P < 0.001), but a lower proportion of urinary radioactivity
4 h post-injection (t = 2.62, P = 0.014; Fig. 7), when compared to
animals injected at 0600 h. Proportion of urinary radioactivity
did not differ between the two groups at any other time points.
3.8. HPLC results
3.8.1. Elution time of known hormones and radioactive fractions
Fecal extract containing the highest proportion of radioactivity
from mice injected with 3H-CORT at 0600 h (14 h post-injection)
and 2000 h (4 h post-injection) were separated by HPLC. The
resulting 75 HPLC fractions were analyzed for presence of radioactivity; radioactivity in each HPLC fraction was divided by the total
radioactivity per sample, and results are displayed as average percentage of radioactivity per fraction (Fig. 8). Five of the most radioactive fractions from the 4 h post-injection samples eluted during
or after fraction 18, whereas the 5 most radioactive fractions from
the 14 h post-injection samples eluted prior to or during fraction
18 (Table 1). The majority of radioactivity from both injection
times (67% and 78% for the 4 and 14 h, respectively) eluted prior
to fraction 31 which is the elution time for pure CORT (Fig. 8).
No two mice displayed the exact same ranking of the top ﬁve
radioactivity containing fractions, and no single fraction fell in
the top ﬁve for all mice (data not shown).
3.8.2. Presence of immunoreactive fractions
HPLC-partitioned fecal extract from unmanipulated California
mice contained several fractions that reacted with the MP Biomed-

icals antibody; however, none of the major immunoreactive peaks
corresponded to the 5 most radioactive fractions following 3HCORT injections (Fig. 8, Table 1). The two highest values for immunoreactivity from unmanipulated fecal extract fractions corresponded to elution times of known hormones (estrone sulfate
and progesterone), but the concentration and cross-reactivity or
the MP antibody for these steroids was not investigated.
4. Discussion
Over the course of this study we characterized plasma CORT
concentrations in P. californicus (1) under baseline conditions
across the diurnal cycle, (2) in response to pharmacological manipulation of the HPA axis (ACTH and dexamethasone challenges), and
(3) in response to four different stressors at different times of day.
In addition, we described steroid hormone metabolism and excretion time course in these mice. Our results suggest that the HPA
axis of California mice exhibits several unusual features, including
(1) extremely pronounced changes in circulating CORT levels from
trough to peak of the diurnal cycle, (2) high diurnal peak CORT levels that were only surpassed following one of the applied stressors
(but several stressors produced CORT levels higher than diurnal
trough), (3) reduced DEX-induced negative feedback (as compared
to most other rodents that have been studied), (4) decreased response to exogenous ACTH near the diurnal peak of the endogenous CORT rhythm, and (5) a decrease, as opposed to an increase,
in circulating CORT concentrations following several stressors near
the time of the diurnal peak.
4.1. Diurnal rhythm in plasma corticosterone levels
One of our most striking ﬁndings was the high concentrations of
baseline CORT experienced throughout the day by California mice.
The range of basal CORT values observed in this study, 40–
1800 ng/ml, is markedly higher than those in many other species,
including several laboratory rodents and other organisms [e.g.,
house mice 4–65 ng/ml, [60]; Sprague–Dawley rats 50–
360 ng/ml, [80]; Gambel’s white-crowned sparrows 6–18 ng/ml,
[11]; marine iguanas 2–8 ng/ml, [96]; for review on birds [see
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Fig. 8. Immunochromatogram displaying percent of radioactivity contained in each post-HPLC fecal extract, and the immunoreactivity of each fraction (displayed as amount
of CORT), following injection of 3H-CORT. The identity of the most radioactive fractions differed between the 4 h and 14 h post-injection samples. Additionally, none of the
most radioactive fractions were the same as the most immunoreactive. Arrows represent elution times for known hormones (cortisol, a; corticosterone, b; 5a-pregnane3b,11b,21-triol-20-one, b; 5b-androstane-3a-ol-11–17-dione, c; testosterone, d; estrone sulfate, e; progesterone, f).

Table 1
The HPLC elution times of the 5 most prevalent 3H-CORT metabolites in California mouse fecal extracts and the elution times of the ﬁve most immunoreactive fractions as
determined by CORT radioimmunoassay (RIA). Percentages of total radioactivity or immunoreactivity for each fraction are given in parentheses. Fecal extracts were prepared from
samples collected either 4 or 14 h after 3H-CORT injections at 2000 or 0600 h, respectively.
Average rank in order of radioactivity (4 and 14 h) or immunoreactivity (RIA)
4h
14 h
RIA

1
33 (6.50%)
18 (5.17%)
50 (3.66%)

2
24 (5.55%)
17 (5.13%)
40 (3.36%)

8]]. It should be noted, however, that prairie voles also have high
circulating baseline glucocorticoid levels [475–1100 ng/ml; 79],
as do guinea pigs [100–400 ng/ml; 51] and some New World primates and human lineages [16–18,20,70,98], so California mice are
not entirely unique in this regard. Baseline CORT values from other
studies of California mice [27,36,65] are consistent with values obtained here, and the assay that we used has been validated specifically for use in this species [15], indicating that the high CORT
values observed in this study are not artifacts of our methodology.
California mice also show a very dynamic diurnal CORT proﬁle,
with plasma CORT concentrations increasing approximately
45-fold from trough to peak (inactive to active periods). For comparison, Sprague Dawley rats experience diurnal changes in CORT
concentrations on the order of 8.5-fold [80], while Wistar rats
experience a change of approximately 20-fold in males and 7.3fold in estrous females [1]. House mice show about a 5-fold change
from trough to peak [26], marine iguanas show an approximate 4fold change [96] and White-crowned sparrows experience about a
3-fold change over the course of the day [11]. How differences in
fold increase over the diurnal cycle relate to differences, if any, in
glucocorticoid function is not known.
In our study, peak plasma CORT levels occurred around the onset of the active period (2000 h, 1 h after lights-off), and the lowest
values were obtained during the inactive period, consistent with
HPA function in other species [23]; for an exception see 11]. Sur-

3
18 (4.75%)
15 (5.06%)
41 (2.79%)

4
21 (4.53%)
2 (4.95%)
34 (2.70%)

5
20 (4.37%)
14 (4.89%)
56 (2.67%)

prisingly, we found no differences in CORT levels between the
sexes; in other species, females have generally been found to have
elevated CORT concentrations compared to males, due to interactions between sex hormones and the HPA axis [1,44,53,74,90].
4.2. Plasma CORT responses to adrenocorticotropic hormone (ACTH)
injection
In an attempt to maximize adrenal response we chose a dose of
ACTH that has been used in rats [100 lg/kg; 2,56] but is typically
higher than doses used in other species [2 lg/kg in guinea pigs,
51,59; 0.0075 or 0.015 lg (total) in rats, [22]; 10 lg/kg in marmosets, 71]. ACTH at a dose of 100 lg/kg produced a marked increase
in plasma CORT 1 h following a morning (0900 h) injection, when
compared to saline injection. A CORT increase within this time
frame post-injection is consistent with reports from other species.
Additionally, we found that CORT levels 1 h following saline injection were signiﬁcantly lower than those obtained under baseline
conditions, suggesting that our handling and injection procedures
elicit, at most, a very transient CORT elevation.
As with a single dose of ACTH, two injections, separated by
30 min, of a higher ACTH dose (150 lg/kg), in the morning
(0900 h) elicited a robust CORT elevation at both 30 and 60 min
following the second injection. Notably, even two consecutive
injections of 150 lg/kg ACTH did not produce maximal CORT out-
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put, as CORT values following evening forced-swim were signiﬁcantly higher than those following morning ACTH injection.
Surprisingly, when the double-injection paradigm was repeated
in the afternoon (injections at 1600 h and 1630 h), plasma CORT
concentrations did not differ between ACTH-injected and salineinjected animals at either 30 or 60 min after the second injection.
This does not seem to be a result of the adrenals being maximally
stimulated, as both morning ACTH injections and other stressors
resulted in higher CORT values than those achieved following
afternoon ACTH injection (visual comparison of the data). These results suggest that adrenal responsiveness to ACTH changes across
the diurnal cycle in California mice. One interpretation is that
when baseline CORT concentrations are increasing around the time
of the diurnal peak (evening), the adrenal gland cannot increase
CORT output when stimulated with exogenous ACTH, whereas
when basal CORT concentrations are low (morning) ACTH injection
stimulates the adrenals and increases CORT concentration.
Differential responses of the adrenal glands based on time of
day have also been noted in other species [reviewed by 10,49].
Two studies found that rats showed greater CORT responses to
ACTH administered near the peak of endogenous CORT production
(evening) as compared to the trough [morning; 22,50]. Splanchnic
innervation of the adrenal gland is thought to partly mediate the
diurnal rhythm of CORT secretion in rats by increasing adrenal sensitivity to ACTH around the time of the diurnal peak [88] and/or by
decreasing adrenal sensitivity to ACTH during the diurnal trough
[48]. In contrast, California mice are more responsive to ACTH near
the trough, not the peak, of the diurnal CORT rhythm. The mechanism underlying the change in adrenal responsiveness to ACTH
across the diurnal cycle in California mice is unknown, but further
studies investigating splanchnic innervation, adrenal ACTH-receptor binding, adrenal ACTH receptor density, and intra-adrenal
CORT synthesis would be illuminating.
4.3. Plasma CORT responses to dexamethasone (DEX) injection
DEX is commonly administered to test the responsiveness of the
HPA axis to negative feedback: the longer CORT remains suppressed following DEX treatment, or the lower the DEX dose that
suppresses CORT secretion, the more sensitive the axis. DEX acts
primarily at the anterior pituitary, as it does not readily cross the
blood–brain barrier [21]; therefore effects are expected to be driven primarily by a decreased synthesis or secretion of ACTH, leading to reduced CORT production. Due to the high levels of
endogenous circulating CORT in this species, we tested the response to a range of DEX doses (0.5, 5 and 10 mg/kg). Both the 5
and 10 mg/kg doses suppressed CORT 8 h following injection,
whereas the 0.5 mg/kg dose did not; no dose suppressed CORT until the 32 h mark. In comparison, 0.1 mg/kg is sufﬁcient to suppress
CORT for 12 h in rats [79], and roughly 0.02 mg/kg suppresses cortisol for at least 9 h in humans [reviewed by 75]. The ﬁnding that
5 mg/kg of DEX was needed to suppress baseline CORT activity
8 h post-injection, and that even a 10 mg/kg dose could not suppress CORT to 32 h post-injection, suggests that California mice
might be somewhat glucocorticoid-resistant at the level of the
pituitary. Alternatively, it is possible that DEX did suppress ACTH
release in our animals, but that decreased ACTH levels did not
translate to an observable decrease in plasma CORT due a non-linear relationship between ACTH and CORT (as may be suggested
from the ACTH-injection data, see Section 3.2). Another possibility
is that California mice might clear DEX very rapidly, thus preventing long-term CORT changes. We did not analyze pituitary GC
receptor afﬁnity or binding dynamics, nor did we measure plasma
ACTH levels or DEX clearance in this study, but characterizing
these factors would be an important future step to further elucidating negative feedback in the HPA axis of California mice.
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4.4. Effects of experimental stressors on plasma CORT
4.4.1. Predator odor
Exposure to predator urine in the morning resulted in a significant elevation of plasma CORT when compared to time-matched
baseline samples, consistent with previous data from our lab
[15]. When comparing CORT concentrations at different times
post-exposure (1, 15, 30 or 60 min), all values were elevated above
baseline but no one time point was signiﬁcantly higher than any
other. These results suggest that CORT increased rapidly and then
was slow to clear from the system, or that the stressor elicited a
prolonged increase in CORT secretion, even beyond the period of
acute exposure. Additionally, morning post-stress CORT concentrations were not signiﬁcantly higher than evening baseline values, so
despite the post-urine-exposure rise, achieved levels were not
higher than concentrations that occur on a daily basis.
When mice were exposed to predator odor in the evening and
blood sampled 1 min later, no difference between post-stress and
time-matched baseline CORT concentrations was observed.
However, post-urine-exposure CORT levels in the evening were
signiﬁcantly higher than post-urine levels in the morning, and
were also signiﬁcantly higher than morning baseline levels. The
differential responses seen across the day in our mice could be
mediated by inputs to the HPA axis, as it is possible that mice do
not perceive the odor stimulus in the same manner. In rats, for
example, olfactory sensitivity to both fox urine and mineral oil,
measured by fos activation in several olfactory-related brain regions (e.g. main olfactory bulb, primary olfactory cortex) is higher
in the evening than in the morning [35]. On the other hand, it is
possible that predator odor is perceived identically at both time
points, but that the high levels of circulating CORT already present
in the blood stream during the evening result in mechanistic constraints at some level of the HPA axis. In addition to plasma CORT,
other HPA hormones (e.g. corticotropin-releasing hormone) are
important in behavioral and physiological responses to stressors,
and measurement of these hormones would therefore be valuable
to determine if the upstream, intracerebral response to stress differs throughout the day. Unfortunately, we cannot be certain that
using a different predator odor in the morning vs. evening (bobcat
vs. fox, respectively) did not account for the differential CORT
response, although data from our lab suggest that California mice
show similar CORT responses to urine from several different
predators [15], unpub.data].
4.4.2. Morning vs. evening stress tests
It is clear from the double ACTH-injection studies and the predator-odor trials that time of day, at least broadly deﬁned as morning vs. evening, markedly affects the plasma CORT response to both
pharmacological and psychological stimulation in California mice.
The difference in CORT response to acute stress based on time of
day is not new, as several studies on rats have reported similar
ﬁndings [67,89]. To investigate this phenomenon further in California mice, we used three common lab stressors to determine if CORT
responses to these stressors differ from baseline levels in the
morning and in the evening, and if any of these stressors elevate
plasma CORT above peak baseline concentrations found across
the diurnal cycle.
When mice were stressed in the morning (0800 h), each of the
three stressors signiﬁcantly elevated plasma CORT levels above
morning baseline at both 1–2 min and 30-min post-stressor, as
expected. When stressors were presented in the evening
(2000 h), only forced swimming elevated CORT above the corresponding evening baseline value, and only at 1–2 min post-stress.
Thus, plasma CORT concentrations can be elevated above baseline
levels occurring at the peak of the diurnal rhythm in response to
at least this one stressor, indicating that the diurnal peak is
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not maximal CORT output for this species. Therefore, forced
swimming, which is both a psychological and a physiological
stressor with a thermoregulatory component (water was 24–
25 °C), appears to affect the HPA axis differently than restraint
or shaking, which are predominantly psychological stressors. Similar results have been found in rats, in that stressors with a thermoregulatory component – i.e., forced-swim [89] or immersion in
cold water [67] – result in elevated CORT near both the peak and
trough of the diurnal CORT rhythm, whereas open-ﬁeld testing
[89] and foot-shock or restraint [67] produced CORT responses
only near the diurnal trough.
In our study, CORT concentrations in evening plasma samples
collected 1–2-min after restraint or shaking were not different
from baseline at that time of day, and surprisingly, values 30 min
after stress were lower than evening baseline levels. Thus, two
stimuli that elicit a conventional stress response – i.e., an elevation
in CORT concentrations – in the morning elicit a decrease in CORT
levels in the evening. The reason for the rapid decrease following
either restraint or shaking is unknown, but these ﬁndings could
suggest an increase in CORT catabolism following certain stressors
during the active period. Studies in rats have reported half-lives of
injected CORT between 10 and 35 min [93,94,97]. Therefore, increased metabolism might account for the reduced plasma CORT
levels observed 30 min post-stress, but probably cannot explain
the absence of difference from baseline in the 1–2 min post-stress
samples. Data from our 3H-CORT injections show that CORT is
cleared more rapidly during the active period when compared to
the inactive period, which is in line with the above prediction.
Additional data on CORT metabolism and clearance from the plasma would be informative.

4.5. Metabolism and excretion of 3H-CORT
Unfortunately, we were not able to successfully validate a fecal
CORT assay for California mice. When comparing the ﬁve most prevalent immunoreactive fractions to the 5 most common radioactive fractions, no overlap between the two was observed. These
data indicate that the MP Biomedicals antibody was not able to
bind the most prevalent metabolites of CORT present in feces
and therefore could not provide reliable, biologically relevant data
for this species. These results highlight the importance of thorough
validation prior to use of a fecal assay. Our data do, however, provide valuable information on the time course and mode of excretion of CORT and its metabolites. Circulating CORT is excreted in
urine and feces in almost equal proportions, which suggests that
measuring CORT or its metabolites in feces is a plausible method
for detection in this species. Additionally, the time course of excretion is dependent on when the elevation of plasma CORT occurred.
CORT excretion in feces occurred rapidly (within approximately
2–6 h) when an injection was given during the active phase
(lights-off), but occurred more slowly (4–6 and 14–16 h), and did
not peak until the 14–16 h mark, following injection during the
inactive phase (lights-on). These results are consistent with CORT
excretion times from laboratory house mice, as time frames of
4–6 h vs. 8–12 h after radiolabelled CORT injection during lightsoff or lights-on, respectively, were observed [81]. However, other
species have been shown to differ greatly in their temporal patterns of CORT excretion [see 92]. The activity cycle appeared to
be at least partially driving a portion of CORT metabolism in our
mice, as mice expelled large amounts of radiation in feces around
a speciﬁc time of day (2200 h), regardless of injection time.
However, this activity-related pattern was not observed in urinary
excretion of radioactivity. Knowing the time course of hormone
excretion is critical for collection of accurate post-stress fecal hormone data.

5. Conclusions
Understanding differences in HPA dynamics – including
changes in baseline circulating CORT concentrations, stress reactivity, adrenal responsiveness to ACTH, as well as metabolism, excretion, and clearance of CORT – over the diurnal cycle will contribute
to interpretation of post-stress hormone values in this species. Speciﬁcally, having thorough baseline and post-stress data from different times of day will allow us to better understand the biological
consequences of elevated CORT in different scenarios. Obtaining
species-speciﬁc data on HPA function is imperative for proper
interpretation of results as we have shown that California mice differ markedly from rats and house mice in several aspects of HPA
function, despite the fact they are all rodents. We hope the data
presented in this paper will aid in interpretation of CORT concentrations in this species and will allow for more thorough interpretation of interactions between the HPA axis and reproductive
behavior.
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