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a b s t r a c t

Life history theory posits that organisms face a trade-off between current and future reproductive 
attempts. The physiological mechanisms mediating such trade-offs are still largely unknown, but gluco- 
corticoid hormones are likely candidates as elevated, post-stress glucocorticoid leve ls have been shown 
to suppress both reproductive physio logy and reproductive behavior. Aged individuals have a decreasing 
window in which to reproduce, and are thus predicted to invest more heavily in current as opposed to
future reproduction . Therefore, if glucoco rticoids are important in mediating the trade-off between cur- 
rent and future reproduction, aged animals are expected to show decreased hypothalam ic-pituitary- 
adrenal (HPA) axis responses to stressors and to stimulation by corticotropin-releasing hormone 
(CRH), and enhanced responses to glucocorticoid negat ive feedback, as compared to younger animals.
We tested this hypothesis in the monogamous, biparental California mouse by comparing baseline and 
post-stress corticosterone leve ls, as well as corticosterone respo nses to dexamethasone (DEX) and CRH 
injections, between old (�18–20 months) and young (�4 months) virgin adults of both sexes. We also 
measured gonadal and uterine masses as a proxy for investme nt in potential current reproductive effort.
Adrenal glands were weighed to determine if older animal had decreased adrenal mass. Old male mice 
had lower plasma corticosterone levels 8 h after DEX injection than did young male mic e, suggestin g that 
the anterior pituitary of older males is more sensitive to DEX-induced negative feedback. Old female mice 
had higher body-mass-corrected uterine mass than did young females. No other differences in corticoste- 
rone levels or organ masses were found between age groups within either sex. In conclusion , we did not 
find strong evidence for age-related change in HPA activity or reactivity in virgin adult male or female 
California mice; however, future studies investigating HPA activity and reproductive outcomes in young 
and old breeding adults would be illuminating.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction 

Life history theory posits that organisms face a trade-off be- 
tween current and future reproductive attempts (Roff, 1992,
1996; Stearns, 1992 ). The physiologica l mechanism s mediating 
such trade-offs are largely unknown; however, hormones have 
been viewed as probable candidates (Ketterson and Nolan, 1999;
Stearns, 1989, 2000; Zera and Harshman, 2001 ). Specifically, the 
glucocorticoi ds, end products of the hypothalam ic-pituitary-ad re- 
nal (HPA) axis, are likely to play a role (Moore and Hopkins,
2009; Ricklefs and Wikelski, 2002 ). Glucocorti coids are best known 
for their role in the stress response, as plasma concentratio ns rise 
�3–5 min following the onset of a stressor (Dallman and Bhatna- 
gar, 2001; Romero and Reed, 2005 ); however, basal levels are also 
important for organismal functioning, and basal glucocorticoi d re- 
lease displays a predictable diurnal pattern (Sapolsky et al., 2000 ).
ll rights reserved.
Glucocorticoi ds, at both basal and post-stress concentr ations are 
important for the response to and recovery from stressors and 
are critical for maintenanc e of homeostasi s (Landys et al., 2006;
Sapolsky et al., 2000; Wingfield et al., 1998 ). These hormones influ-
ence glucose regulation (glucocorticoids can suppress insulin 
secretion as well as stimulate gluconeogenes is, lipolysis, glycogen- 
olysis, and proteolysis), energy partitioni ng, and reproduction 
(Boonstra, 2005; Dallman et al., 1993; Ferin, 2006; Reeder and Kra- 
mer, 2005; Sapolsky , 2002; Sapolsky et al., 2000; Wingfield and 
Sapolsky , 2003 ), as well as myriad other physiological and behav- 
ioral functions.

Across vertebrate taxa, the HPA axis plays a role in regulating 
reproduction in the face of stress (Greenberg and Wingfield,
1987; Ricklefs and Wikelski, 2002; Wingfield et al., 1998 ): while 
basal levels of glucocorticoids can facilitate physiolog ical and 
behavioral aspects of reproduction, elevated glucocorticoi d
hormones have been shown to suppress both reproductive physi- 
ology and reproductive behavior (Lerman et al., 1997; Wingfield
and Sapolsky, 2003 ). Reproductive suppression by stress (and

http://dx.doi.org/10.1016/j.ygcen.2013.02.010
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glucocorticoi ds) is thought to be adaptive in the short term, as it
promotes individua l survival (Sapolsky et al., 2000 ), but may be
detrimental when the value of current reproduction is high com- 
pared to future reproducti ve prospects (Wingfield and Sapolsky,
2003). For example, aged individuals have a decreasing window 
in which to reproduce, and are thus predicted to invest more heav- 
ily in current as opposed to future reproduction (Meddle et al.,
2003; Wingfield and Sapolsky , 2003 ). Conseque ntly, it has been 
hypothesize d that older individuals should display decrease d
glucocorticoi d responses to stressors, as compare d to young con- 
specifics, to buffer short-term reproductive efforts from the detri- 
mental effects of elevated glucocorticoi ds (Ricklefs and Wikelski,
2002; Wingfield and Sapolsky, 2003 ).

Evidence supporting this prediction has been documented in a
handful of species. For example, older terns (Sterna hirundo ; Hei-
dinger et al., 2008, 2006 ) and Leach’s storm-petre ls (Oceanodroma
leucorhoa; (O’Reilly, 1999 ) of both sexes showed a smaller cortico- 
sterone (and in terns, adrenocorticotr opic hormone (ACTH)) re- 
sponse to handling or capture stress during the breeding season 
than did young adult conspecifics. In addition, old, non-breedin g
green sea turtles (Chelonia mydas ) of both sexes exhibited lower 
concentratio ns of corticostero ne following capture stress than did 
juvenile turtles (Jessop and Hamann, 2005 ; adult turtles were 
reproductivel y capable, but adults breed less than annually so
non-breedin g animals of that year were used). Aged male Spra- 
gue–Dawley rats produced less corticosterone in response to an
injection of corticotropin- releasing hormone (CRH) than did young 
adult rats (Hylka et al., 1984; Scaccianoce, 1995 ), suggesting that 
pituitary responsivenes s to CRH and/or adrenocorti cal responsive- 
ness to ACTH is blunted in old individua ls. Additionally , old male 
F344/BN hybrid rats showed greater suppression of ACTH and 
CORT in response to the synthetic glucocorticoi d dexamet hasone 
(DEX) than did younger adult rats, suggesting that sensitivity to
glucocorticoi d negative feedback increases with advancing age 
(Kasckow et al., 2005 ).

In the present study we compared HPA activity and reactivity,
as well as adrenal and reproductive organ masses, in young adult 
and aged California mice (Peromyscus californicus ) of both sexes 
to test the hypothesis that aged animals display dampened HPA 
reactivity as compared to young animals, possibly as a means to
protect current reproductive potential. California mice are monog- 
amous and biparental (Ribble, 1991, 1992; Ribble and Salvioni,
1990), and both males and females invest heavily in each repro- 
ductive bout (Cantoni and Brown, 1997a,b; Gubernick et al.,
1993; Gubernick and Teferi, 2000 ). Thus, we expected both sexes 
to exhibit changes in HPA reactivity (measured by circulating con- 
centrations of corticost erone, CORT) with age. This species resides 
in chaparral and areas with coastal sage scrub, and ranges from 
Northern California down to Baja California (Merritt, 1978 ). Cali- 
fornia mice have an average lifespan of 9–18 months in the wild 
(Merritt, 1999 ), but can live up to 4 years in the lab (C.A. Marler,
pers. comm.). Females become reproductivel y mature around 
40 days of age (Gubernick, 1988 ), and males begin to breed suc- 
cessfully at 60–90 days of age (J. Crossland, pers. comm.; unpub.
obs.). Males and females have similar home-range sizes and, once 
a mate has been found, remain paired for life (Merritt, 1978; Ribble 
and Salvioni, 1990 ). A pair can produce several litters per year un- 
der favorable environmental condition s, and estimates (lab and 
wild) of young produced per pair per year range from 6 to 15 pups 
(Cantoni and Brown, 1997a,b; Merritt, 1978; Ribble and Salvioni,
1990). The main breeding season is from October to May (Ribble
and Salvioni, 1990 ), but breeding does not appear to depend on
photoperiod or season (Merritt, 1978 ). In captivity, both males 
and females breed successfully until 3 years of age or later, with 
no age-related decrease in number of pups born per litter (unpub.
obs.).
We used virgin animals to avoid potential confounds of
reproducti ve behavior, reproductive hormones (and in females,
lactation), parental experience, and any reproducti on-related ef- 
fects on organ mass. We measure d plasma CORT concentratio ns
under basal condition s, in response to an acute stressor (bobcat ur- 
ine), and in response to pharmacologic al suppressi on (DEX) and 
stimulati on (CRH) in young and old adult mice of both sexes. We
also compared gonadal and adrenal gland masses between the 
age classes. In line with the hypothesis that glucocorticoi ds medi- 
ate the trade-off between current and future reproduction, we pre- 
dicted that aged individuals of both sexes would show a decreased 
CORT response to the predator-od or stressor, enhanced CORT sup- 
pression in response to simulated glucocorticoi d negative feedback 
(DEX injection), and a diminished CORT response to CRH injection,
when compared to young animals. Baseline levels of CORT were 
not predicted to differ between the age groups, as post-stress CORT 
concentr ations are implicate d in disruption of reproductive physi- 
ology and behavior (Wingfield and Sapolsky , 2003 ), whereas com- 
paratively small changes in circulating basal CORT would not be
predicted to alter reproducti ve investment. In terms of organ mass,
we predicted that older animals would have heavier gonads and, in
the case of females, heavier uteri, as an index of increased pre- 
paredness for investment in current reproduction when future 
reproducti ve potential is low. Additionally, we predicted that older 
individua ls might have lower adrenal mass than young individuals 
(if CORT modulation is a function of adrenal capacity), or that adre- 
nal mass might not differ between age groups (if CORT modulation 
occurs via adrenal or pituitary sensitivit y).
2. Methods 

2.1. Animals 

We used California mice that were bred and housed at the Uni- 
versity of California, Riverside (UCR), and that were descende d
from mice purchase d from the Peromyscus Genetic Stock Center 
(University of South Carolina, Columbia, SC). The colony at the 
Stock Center was founded between 1979 and 1987 from about 
60 individuals collected in the Santa Monica Mountains, CA. Our 
colony at UCR was established in 2007 and has since received 
several shipments of new animals to maintain genetic diversity.
Sibling–sibling or parent–sibling matings are never performed in
our colony, and first-cousin matings are avoided when possible.
All mice had ad libitum access to food (Purina rodent chow 5001)
and water, and were housed in polycarbona te cages 
(44 � 24 � 20 cm) lined with aspen shavings; cotton wool was 
provided for nesting material. Lights were on from 0500–1700 h
(14:10 L:D cycle), and ambient temperature was maintain ed at
approximat ely 23 �C with humidity around 65%. Animals were 
weaned from their birth cage at 27–32 days of age (prior to the 
birth of any younger siblings), ear punched for identification and 
housed in same-sex groups of two or four until just before the 
experime nt began. From the time of weaning, animals were never 
housed with an individua l of the opposite sex and were thus vir- 
gins at the time of testing.

We used a total of 19 virgin females, 10 young (123 ± 1 days at
the beginning of data collection; range: 120–124 days; �4 months)
and nine old (546 ± 4 days; range: 525–566 days; �18 months),
and a total of 43 virgin males, 22 young (135 ± 2 days at the begin- 
ning of data collection ; range: 120–146 days; �4.5 months) and 21
old (624 ± 10 days; range: 497–688 days; �20 months). The ages 
chosen (range: 4–20 months) are within the age range of California 
mice found in the wild (Merritt, 1999 ) and are thus ecologically 
relevant. In addition, the ages chosen are in line with ages used 
in several other rodent aging studies (e.g., rats: 3–30 months,
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(Hylka et al., 1984; Kasckow et al., 2005; Keck et al., 2000; Mizogu- 
chi et al., 2009 ); mice: 3–16 months, (Dalm et al., 2005 ). Due to
limited availability of aged animals, females were tested before 
males (females in two cohorts during the fall of 2009 and males 
in three cohorts during November, 2009, January and July, 2010).
UCR has full AAALAC accredita tion, and all procedures were ap- 
proved by the UCR IACUC and conducte d in accordance with the 
Guide for the Care and Use of Laboratory Animals .

2.2. Experimenta l design 

At least seven days prior to the start of data collection, groups of
four mice were split into same-sex pairs. Hormonal data collection 
occurred over a period of 14–15 days (females) or 21–22 days 
(males). Males and females underwent data collection on slightly 
different timelines due to unforeseen logistical constraints. During 
the first week of data collection two baseline blood samples were 
collected from each mouse, one at 0800 h and another at 2000 h,
to capture both the nadir and peak, respectivel y, of CORT levels 
across the diurnal cycle (Harris et al., 2012 ). Consecutive samples 
were separated by two days, and all animals were weighed 1 day 
prior to initial blood collection . One week (females) or two weeks 
(males) after collection of the first baseline blood sample, mice 
were exposed to bobcat urine (see Section 2.5) for 5 min and a
blood sample was collected immediatel y following exposure. Se- 
ven to eight days after predator-urine exposure, mice were in- 
jected with dexamethasone (DEX; see Section 2.6). Eight hours 
after the DEX injection, a blood sample was collected, and mice 
were then immedia tely injected with CRH. Two additional blood 
samples were collected, one at 45 min and one at 90 min post- 
CRH. All mice were euthanized after the 90-min blood sample.
For females, a vaginal lavage was performed (see Section 2.2.1),
and then right- and left-side adrenals and ovaries, as well as the 
uterus, were removed, placed in physiologica l saline, blotted dry 
3x, and weighted to the nearest 0.00001 g. For males right-side 
adrenal glands and testes were dissected out (left-side organs were 
frozen for possible future analysis), placed in physiologica l saline,
blotted dry 3x, and weighed to the nearest 0.0001 g.

2.2.1. Vaginal lavage 
In addition to the procedures described above, we performed 

vaginal lavage on each female mouse 6 times over the course of
the experiment in an attempt to assess estrous cycles. Cycle stage 
can influence baseline CORT levels in female rats and house mice 
(females in proestrus have higher CORT concentrations ; 1, (Lo
et al., 2006; Nichols and Chevins, 1981 ); however, previous data 
from California mice show that the estrous cycle does not affect 
CORT concentratio n (Davis and Marler, 2003; Karelina et al.,
2010), and male and female California mice do not differ in basal 
or post-stress CORT concentratio ns (Harris et al., 2012 ). We re- 
frained from lavaging animals every day as lavage itself can be
stressful to rodents (Sharp et al., 2003 ) and can alter experimental 
outcomes (see Walker et al., 2002 ).

The first lavage occurred two days prior to the first baseline 
blood sample. Then, starting two days after predator- odor expo- 
sure (11 days from first the lavage), lavages were conducted on
four consecut ive days (ending 2 days prior to the final day of the 
experiment). A final lavage was conducte d post-mor tem on the last 
day of data collection. Lavages were performed by gently holding 
the female by the scruff of the neck and inserting a glass Pasteur 
pipette filled with approximat ely 100–150 ll of sterile saline into 
the vagina. The saline was squirted into the vaginal canal and then 
removed, placed onto a slide, stained with methyl blue, and imme- 
diately placed under a compound microscope for analysis. Cell 
types and proportio ns were determined, and mice were classified
in one of five categories: diestrus, proestrus, estrus, metestrus, or
no sample (vagina closed; Caligioni, 2009; Gubernick, 1988; Met- 
tus and Rane, 2003 ).

2.3. Blood sample collection 

Care was taken to collect blood from both individuals in a cage 
as quickly as possible. Additionally, order of cages sampled was 
random and balanced across age groups. Cages were always re- 
moved from and replaced in the colony room as quietly as possible.

Mice were anesthet ized with isoflurane, and blood samples 
(70–210 ll) were collected from the retro-orbital sinus using hep- 
arinized glass microhemat ocrit tubes. Time from disturbance of the 
cage or end of the test to collection of the blood sample was less 
than 3 min for all but 6 out of 352 blood samples (males:
78.9 ± 2.0 s, range 40–275 s; females: 73.8 ± 4.2 s, range: 39–
235 s). Blood was centrifuged for 12 min (13,300 rpm, 4 �C), and 
plasma was collected and stored at �80 �C until assay.

Final blood collection from females was performed using car- 
diac puncture. After euthanasia via CO2 inhalation, blood was col- 
lected from the heart with a 1 ml heparinized syringe fitted with a
27G sterile needle. Average time from initial administration of CO2

to collection of blood was 284.8 ± 20.1 s (range: 189–500 s; collec- 
tion time was not significantly correlate d with plasma CORT, Pear- 
son’s r = �0.064, n = 19, P = 0.795). Blood was processed and stored 
as described above.

2.4. Corticostero ne assay 

Plasma was assayed in duplicate for corticosterone using an 125I
double-a ntibody radioimmunoas say kit (#07-120102, MP Biomed- 
icals, Costa Mesa, CA) that has been validated for this species 
(Chauke et al., 2011 ). Inter- and intra-assay coefficients of variation 
(CVs) were 10.7% and 4.1%, respectively (n = 45 assays). Plasma 
samples from each age group were balanced across assays, and 
samples from males and females were run in separate assays.
Therefore, hormone data from males and females were not directly 
compare d to each other.

2.5. Predator-u rine exposure 

Same-sex pairmates were exposed to predator urine together.
Between 0800 and 0845 h, animals were placed in a fresh cage that 
containe d clean bedding but no food, water or cotton, and taken to
a testing chamber. A cotton ball wetted with 1 ml of bobcat urine 
(Maine Outdoor Solutions, Hermon, ME) was immediatel y placed 
in a corner of the test cage for 5 min. As soon as exposure ended,
a blood sample was collected from each mouse and mice were re- 
turned to their home cage. We have previously found that expo- 
sure to predator urine, including bobcat urine, produces a
pronounced CORT response in California mice at this time of day 
(Chauke et al., 2011; Harris et al., 2012 ).

2.6. Dexametha sone and corticotropin-relea sing hormone injections 

Mice were weighed one day prior to injection to permit calcula- 
tion of body-mass-corr ected hormone doses. Dexamethas one so- 
dium phosphate (DEX; 4 mg/ml, American Regent, Shirley, NY)
was diluted with sterile saline to a concentration of 10 mg/kg 
and injected i.p. This dose was selected on the basis of a previous 
dose–response study in male and female California mice, which 
demonst rated that 10 mg/kg DEX effectively suppresses plasma 
CORT levels in both sexes 8 h following injection at approximat ely 
the same time of day as in the present experiment (Harris et al.,
2012). Corticotropin- releasing hormone (CRH; C3042, Sigma 
Aldrich, St. Louis, MO) was diluted in sterile water to a 1 lg/ml
solution, and mice were injected i.p. with 2 lg/kg CRH; this dose 
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has been shown to increase DEX-suppre ssed CORT levels in this 
species (unpub. data).

Animals were injected with DEX at 0730–0830 h on the last day 
of testing, and then placed back in their home cage. Eight hours 
following DEX injection, at 1530–1630 h, each animal was blood 
sampled, injected with CRH, and then returned to its home cage.
A second blood sample was collected via the retro-orbital sinus 
from each animal 45 min following CRH injection, and the animal 
was again returned to its home cage. Finally, 90 min after CRH 
injection, a third blood sample was collected from either the heart 
via cardiac puncture following CO2 inhalation (females) or from the 
retro-orbital sinus (males).

This study was conducted primarily to elucidate the effect of
age and not injection per se; therefore, a vehicle-injecti on group 
was not included. For the present study we had measures of basal 
hormone level from all animals, and the post-injection data gener- 
ated allowed us to adequately compare age groups to one another.
Additionally , we have previously characterized the response to
both pharmacologic al and sham injection in this species; thus, a
vehicle-injecti on group was not included here (see Harris et al.,
2012).
2.7. Analysis 

Data were checked for normality using the Shapiro–Wilk test 
and transformed if necessar y. All CORT values were log 10-trans-
formed prior to analysis, but non-trans formed values are presented 
for ease of interpretation. Each mouse’s plasma CORT concentr a-
tion from the 0800 h sample was used as a baseline for within- 
subjects analyses of the response to bobcat urine. CORT data were 
analyzed via repeated-meas ures ANOVA. Addition ally, area under 
the curve (AUC) was calculated on post-inje ction CORT concentra- 
tions using two formulas (see Pruessner et al., 2003 ) to quantify to- 
tal CORT release over time following CRH treatment. AUCg 
corresponds to the integrated amount of hormone produced over 
time with respect to a starting value of zero (not taking post-DEX 
CORT concentration into account). AUCi is calculated using a
baseline value (here, post-DEX CORT levels) and measure s CORT 
increase over time from each individual animal’s starting value.
One young male’s 2000 h plasma sample was lost during process- 
ing, leaving 21 samples for young males at that time point.
Additionally , due to problems with sample processing, three 
post-CRH-in jection plasma samples from old males were lost, leav- 
ing 20, 45 min post-CRH and 19, 90 min post-CRH samples from 
old males for analysis. Hormone concentrations were correlated 
using Pearson’s correlation.

Body mass was analyzed by ANOVA. Organ masses (gonads,
uteri, and adrenal glands) were analyzed using an ANCOVA with fi-
nal body mass as a covariate, following the methods of Tomkins 
and Simmons (Tomkins and Simmons, 2002 ), except that organ 
Table 1
Plasma CORT conc entrations (ng/ml) in young and old virgin California mice by sex. All co

Condition Time Female 

Young Old 

Basal 0800 h 45.06 ± 7.03 39.62 ± 9.44 
Basal 2000 h 1522.85 ± 229.17 1403.75 ± 263.6
Post-stress 0800–0900 h 966.85 ± 170.34 780.85 ± 182.74
Post-DEX 1530–1630 h 81.81 ± 13.28 79.30 ± 15.35 
45 min post-CRH 1615–1715 h 87.00 ± 7.96 165.14 ± 82.53 
90 min post-CRH 1700–1800 h 637.65 ± 184.76 1025.61 ± 334.5

a P-values correspond to main effect of age group in a repeated-measures analysis on
b P-values correspond to main effect of age group in a repeated-measures analysis (0
c P-values correspond to main effect of age group in a repeated-measures analysis of
d Group⁄time interaction, P = 0.016; old males had lower post-DEX CORT concentratio
mass was not subtracted from body mass due to differences in
the number of significant figures (body mass was measured to
the nearest 0.01 g and organs to the 0.0001 or 0.00001 g). For fe- 
males, associations between right and left organ masses were eval- 
uated using Pearson’s correlation. The left ovary of one old female 
was damaged during dissection and thus that animal was not in- 
cluded in analysis of ovarian mass.

As described above, females were tested several months before 
males, and male and female blood samples were run in different 
assays. Additionally , final blood samples were collected via cardiac 
puncture in females but via retro-orbital puncture in males. There- 
fore, we chose to analyze male and female data separately in the 
initial analysis. However , since previous studies have noted sex dif- 
ferences in post-stress CORT levels in this species (Trainor et al.,
2010, 2011 ), an additional analysis was conducted on combined 
data from the sexes to explore possible sex differences in CORT 
concentr ations in a preliminar y manner.

3. Results 

3.1. Females 

3.1.1. Basal CORT 
Plasma CORT concentr ations in female California mice were 

markedly higher at 2000 h than at 0800 h (1466.44 ± 169.27 vs.
42.48 ± 5.67 ng/ml; n = 19; F1,17 = 353.72, P < 0.001; Table 1). How- 
ever, CORT levels did not differ between young and old adult fe- 
males (F1,17 = 0.46, P = 0.505), nor was there a time ⁄group
interactio n (F1,17 = 0.01, P = 0.914). Across all females, plasma CORT 
level at 0800 h was not correlated with plasma CORT level at
2000 h (r = 0.090, n = 19, P = 0.715).

3.1.2. CORT response to predator-urin e exposure 
Exposure to predator urine increased plasma CORT above base- 

line levels measured at the same time of day (878.74 ± 123.06 vs.
42.48 ± 5.67 ng/ml; n = 19; F1,17 = 175.77, P < 0.001; Table 1), but 
there was no effect of age group (F1,17 = 0.90, P = 0.356), nor was 
there a time ⁄group interaction (F1,17 = 0.14, P = 0.714). For both 
age groups combined, post-urine-e xposure CORT levels were not 
correlate d with time-matched baseline concentratio ns (r = 0.182,
n = 19, P = 0.445).

3.1.3. CORT response to DEX and CRH injection 
Injection of DEX followed by CRH elicited an increase in plasma 

CORT (8 h post-DEX vs. 45 min post-CRH vs. 90 min post-CRH:
80.62 ± 9.80 vs. 124.01 ± 39.18 vs. 821.42 ± 186.08 ng/ml; main ef- 
fect of time: F2,34 = 61.78, P < 0.001; Fig. 1), but CORT response did 
not differ between age groups (F1,17 = 0.20, P = 0.665), nor was 
there a time ⁄group interaction (F2,34 = 0.73, P = 0.494; Table 1).
CORT levels increased at each time point measured, as CORT values 
nc entrations are repor ted as mean ± SEM.

Male 

P Young Old P

0.505 a 54.76 ± 10.48 52.78 ± 10.78 0.999 
5 –a 1682.94 ± 128.64 1839.60 ± 167.59 –a

 0.356 b 654.14 ± 82.54 709.87 ± 98.31 0.978 b

0.665 c 104.55 ± 10.80 73.75 ± 7.97 0.582 c,d

–c 357.94 ± 101.72 309.85 ± 140.53 –c

3 –c 899.96 ± 184.72 1199.05 ± 261.93 –c

basal CORT (0800 h and 2000 h).
800 h basal vs. post-stress).
post-injection CORT (post-DEX, 45 min post-CRH, 90 min post-CRH).
n than young males P = 0.009.



Fig. 1. Plasma CORT concentrations in young (n = 10) and old (n = 9) adult, virgin 
female California mice following an injection of DEX (10 mg/kg, i.p.; 0730–0830 h)
and a subsequent injection of CRH (2 lg/kg, i.p.; 1530–1630 h). Age group did not 
affect the response to injection at any time point measured, but CORT levels 
increased across time (P < 0.001) and all time points differed from one another 
(post-DEX vs. 45 min post-CRH: P = 0.029; post-DEX vs. 90 min post-CRH:
P < 0.001; 45 min post-CRH vs. 90 min post-CRH: P < 0.001).
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were higher 90 min post-CRH than 45 min post-CRH (t = 8.00,
P < 0.001; Fisher’s LSD), and as CORT values both 45 and 90 min 
post-CRH were higher than levels 8 h after DEX injection and 
immediatel y before CRH treatment (t = 2.42, P = 0.029; t = 8.27,
P < 0.001, respectively ; Fisher’s LSD).

In addition to repeated -measures ANOVA, we analyzed time- 
integrated CORT responses to CRH using two calculations for area 
under the curve (AUC; Pruessner et al., 2003 ). Female age did not 
influence either AUCg (F1,17 = 0.34, P = 0.565) or AUCi (F1,17 = 2.63,
P = 0.151).

For both age groups combined, post-DEX CORT concentrations 
were significantly and positively correlated with CORT levels 
45 min post-CRH (r = 0.852, n = 19, P < 0.001), but not 90 min 
post-CRH (r = 0.362, n = 19, P = 0.128). Additionally , 45 min post- 
CRH CORT levels were significantly and positively correlated with 
90 min post-CRH levels (r = 0.537, n = 19, P = 0.018).

3.1.4. Body mass 
Body mass of female California mice was influenced by a main 

effect of day (F1,17 = 19.21, P < 0.001) and a day ⁄group interactio n
Table 2
Body mass and organ masses in young and old virgin California mice by sex. P values are
masses). Values are presented as mean ± SEM or mean with lower and upper confidence int

Sex Variable Young Old 

Females (n = 10) (n = 9
body mass – start 43.24 ± 2.02 49.6
body mass – end 42.36 ± 2.10 46.4
total ovary a 0.0111 ± 0.0012 0.013
total adrenal b 0.0171 ± 0.0013 0.018
uterus c 0.0421 (�1.47, �1.28) 0.063

Males (n = 22) (n = 2
body mass – start 39.66 ± 1.54 53.3
body mass – end 41.53 ± 1.68 53.6
r. testis d 0.1977 ± 0.0210 0.142
r. adrenal e 0.0097 (�2.10, �2.01) 0.008

a Body-mass-corrected averages at body mass of 44.61 g.
b Body-mass-corrected averages at body mass of 44.31 g.
c Back-transformed body-mass-corrected averages at body mass of 44.31 g.
d Body-mass-corrected averages at body mass of 47.46 g.
e Back-transformed body-mass-corrected averages at body mass of 47.46 g.
(F1,17 = 6.33, P = 0.022), but not a main effect of age group 
(F1,17 = 1.79, P = 0.199). Old females lost body mass from the start 
to the end of the experiment (approximately 2 weeks; t = 4.75,
P < 0.001) whereas young females did not (t = 1.36, P = 0.193; Si- 
dak-corre cted post hoc tests following repeated-measur es ANO- 
VA). Females did not differ in body mass at the start of the 
experime nt (P = 0.117) or on the day prior to dissection 
(P = 0.323; Table 2).

3.1.5. Organ masses 
Body mass on the day prior to dissection was used as a covariate 

for organ-mass analyses. Uterine mass was log 10-transform ed prior 
to analysis to meet normality assumptions. Across all females,
right and left adrenal gland masses were highly correlate d
(r = 0.892, n = 19, P < 0.001), as were right and left ovary masses 
(r = 0.615, n = 18, P = 0.007). Therefore, only total (left + right) or- 
gan masses were used in the remaining analyses.

Initially, ANCOVAs were computed using group, body mass, and 
the group ⁄body mass interaction. For all organs, the interaction 
term was not significant and was dropped from the model. Body 
mass remained in the model as a covariate and was significant
for log 10-transformed uterine mass (F1,16 = 8.27, P = 0.011; Table 1),
total ovarian mass (F1,15 = 11.32, P = 0.004), and total adrenal gland 
mass (F1,16 = 5.56, P = 0.031). After accountin g for body mass, old 
females had significantly higher log 10-transformed uterine mass 
(F1,16 = 7.10, P = 0.017), but neither total adrenal gland mass 
(F1,16 = 0.479, P = 0.499) nor total ovarian mass (F1,15 = 2.23,
P = 0.156) differed by group.

3.1.6. Vaginal lavage 
Lavages were carried out in an attempt to characteri ze cycle 

lengths of females. We were not able to discern a reliable pattern 
of cyclicity in vaginal smears in either age group. However, we
did observe that nine females (five young and four old) had vaginal 
cytology typical of estrus in at least one lavage, suggesting that 
these animals were undergoing estrous cycles.

3.2. Males 

3.2.1. Basal CORT 
Plasma CORT levels were dramatically higher at 2000 h when 

compare d to 0800 h levels, regardless of age group 
(1761.27 ± 105.05 vs. 53.79 ± 7.42 ng/ml; n = 42; F1,40 = 881.27,
P < 0.001). However, there was neither a main effect of age group 
(F1,40 < 0.001, P = 0.999; Table 1) nor a time ⁄group interaction 
 for main effect of age group from one-way ANOVA (body mass) or ANCOVA (organ
erval (for log-transformed data) and are repor ted in grams; bolded P-values are < 0.05.

P Covariates

)
9 ± 3.46 0.117 –
7 ± 3.56 0.323 –
8 ± 0.0013 0.156 body mass – end 
5 ± 0.0014 0.499 body mass – end 
5 (-1.30, -1.10) 0.017 body mass – end 

1)
9 ± 1.44 <0.001 –
7 ± 1.74 <0.001 –
8 ± 0.0202 0.133 body mass – end, group ⁄body mass 
7 (�2.06, �1.97) 0.229 body mass – end 
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(F1,40 = 0.221, P = 0.641). Across both age groups, basal CORT 
concentratio ns at 0800 h and 2000 h were not correlate d with 
one another (r = �0.021, n = 42, P = 0.897).
3.2.2. CORT response to predator-urine exposure 
Exposure to bobcat urine significantly increased plasma CORT 

concentratio ns in male California mice when compare d to time- 
matched baseline values (F1,41 = 283.79, P < 0.001; Table 1), but 
there was no effect of age group (F1,41 = 0.01, P = 0.978), nor was 
there a group ⁄time interaction (F1,41 = 0.40, P = 0.531). Post-urine- 
exposure CORT levels were not correlated with 0800 h basal CORT 
concentratio ns (r = 0.082, n = 43, P = 0.602).
3.2.3. CORT response to DEX and CRH injection 
DEX and CRH treatment affected CORT levels over the three 

time points measured, as there was a main effect of time (8 h
post-DEX vs. 45 min post-CRH vs. 90 min post-CRH: 89.51 ± 7.09 
vs. 335.04 ± 84.54 vs. 1038. 56 ± 156.45 ng/ml; F2,78 = 82.90,
P < 0.001; Fig. 2). Irrespecti ve of age group, CORT levels 90 min 
post-CRH were higher than those post-DEX (t = 11.39, P < 0.001;
Table 1) and 45 min post-CRH (t = 9.78, P < 0.001; Fisher’s LSD).
Additionally , CORT levels 45 min post-CRH were higher than those 
obtained 8 h post-DEX injection (t = 3.94, P = 0.001; Fisher’s LSD).
We did not find a significant main effect of age group on CORT lev- 
els (F1,39 = 0.31, P = 0.582), but there was a time ⁄group interaction 
(F2,78 = 4.33, P = 0.016). Specifically, young males had higher CORT 
levels than did old males 8 h after DEX injection (t = 2.74, P = 0.009;
Sidak-corre cted post hoc test; Fig. 2), but CORT concentr ations did 
not differ between the two age groups either 45 min (P = 0.212) or
90 min (P = 0.155) following CRH injection . Neither AUCg 
(F1,39 = 0.76, P = 0.785) nor AUCi (F1,36 = 0.12, P = 0.734) differed be- 
tween young and old males.

Across all males, as in females, post-DEX CORT levels were sig- 
nificantly and positively correlated with 45 min post-CRH CORT 
levels (r = 0.412, n = 42, P = 0.007) but not with 90 min post-CRH 
CORT levels (r = 0.059, n = 41, P = 0.713). Plasma CORT concentra- 
tions at 45 min post-CRH were significantly and positively corre- 
lated with concentrations at 90-min post-CRH (r = 0.606, n = 41,
P < 0.001), again mirroring results found in females.
Fig. 2. Plasma CORT levels in young (n = 22) and old (n = 21) adult, virgin male 
California mice following an injection of DEX (10 mg/kg, i.p.; 0730–0830 h) and a
subsequent injection of CRH (2 lg/kg, i.p.; 1530–1630 h). Regardless of age group,
CORT increased over time (P < 0.001; post-DEX vs. 45 min post-CRH: P = 0.001;
post-DEX vs. 90 min post-CRH: P < 0.001; 45 min post-CRH vs. 90 min post-CRH:
P < 0.001). Age group significantly affected CORT responses over time (group⁄time 
interaction, P = 0.016). CORT levels were higher in young males than in old males at
8 h post-DEX (P = 0.009) but not at the remaining time points.
3.2.4. Body mass 
Body mass of male California mice increased across the 3-week 

period of data collection (main effect of day: F1,41 = 5.41, P = 0.025;
Table 2). Overall, old males were heavier than young males 
(F1,41 = 33.80, P < 0.001), but the change in mass over time did 
not differ between the two age groups (day⁄group interaction:
F1,41 = 2.940, P = 0.094).
3.2.5. Organ masses 
Ending body mass differed between young and old males 

(t41 = 5.02; P < 0.001; Table 2) and was used as a covariate for anal- 
yses of organ masses. Adrenal gland mass was log 10-transform ed to
fit normality assumpti ons. Initially the interaction term of group ⁄-

body mass was included in the model. The term was nearly signif- 
icant (F1,39 = 3.85, P = 0.057) for analysis of right testis mass and 
therefore was retained in this ANCOVA, but it was not significant
for right adrenal gland mass (F1,39 = 0.13, P = 0.720) and was thus 
removed . The effect of body mass was significant for right adrenal 
(F1,40 = 5.50, P = 0.024) and right testis (F1,39 = 4.51, P = 0.040). Age 
did not affect body-mass-corr ected right adrenal (F1,40 = 1.50,
P = 0.229; Table 2) or right testis (F1,39 = 2.35, P = 0.133; Table 2)
mass.
3.3. Comparis ons between the sexes 

As described above, CORT data from males and females were 
not strictly compara ble, due to minor differenc es in methodol ogy 
and to the fact that blood samples from the two sexes were as- 
sayed separately. Therefore, the results of analyses comparing 
CORT levels between the sexes should be interpreted cautiously.
3.3.1. Basal CORT 
When we analyzed data from both sexes together, results mir- 

rored those from female-o nly and male-only analyses. Basal CORT 
was affected by time of sample, with 2000 h CORT levels being 
higher than 0800 h levels (1669.44 ± 90.44 vs. 49.42 ± 5.46 ng/ml;
F1,57 = 1041.67, P < 0.001); however , there was no time ⁄sex
(P = 0.521), time ⁄age (P = 0.725), or time ⁄sex⁄age (P = 0.867) inter- 
action. Additionally , there was no main effect of sex (P = 0.106)
or age (P = 0.544), nor a sex ⁄age interactio n (P = 0.545).
3.3.2. CORT response to predator-urin e exposure 
As with the basal CORT results, combined post-stress analysis 

mirrored results from single-se x analyses. Predator-uri ne exposure 
resulted in a significant increase in plasma CORT concentration 
(741.85 ± 58.48 vs. 49.42 ± 5.46 ng/ml; F1,58 = 406.48, P < 0.001),
but there was no time ⁄sex (P = 0.194), time ⁄age (P = 0.959) or
time⁄sex⁄age (P = 0.514) interactio n. Additionally, there was no
main effect of sex (P = 0.776) or age (P = 0.417), nor was there a
sex⁄age interaction (P = 0.434).
3.3.3. CORT response to DEX and CRH injection 
For the sexes combined, the DEX/CRH injection paradigm signif- 

icantly altered plasma CORT levels, as there was a main effect of
time (F2,112 = 117.88, P < 0.001). This effect depende d on age 
(time⁄age interaction: F2,112 = 3.20, P = 0.045; main effect of age:
P = 0.991; see Supplement ary Fig. A) but not sex (main effect of
sex: P = 0.165; time ⁄sex interactio n: P = 0.259; time ⁄sex⁄age inter- 
action: P = 0.552; sex ⁄age interaction: P = 0.514). Sex did not affect 
AUCg or AUCi results (AUCg: sex P = 0.206, age P = 0.547, sex ⁄age
P = 0.777; AUCi: sex P = 0.475, age P = 0.201, sex ⁄age P = 0.383).
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4. Discussion 

We used virgin male and female California mice to test the 
hypothesis that aged animals show reduced glucocorticoid re- 
sponses to stress and CRH injection, and enhanced responses to
negative feedback, when compare d to young adults, possibly as a
means to maximiz e current reproductive potential. We predicted 
that old animals would have lower circulating CORT levels in re- 
sponse to predator-od or exposure, following DEX injection , and 
at two time points following CRH injection. Sustained elevation 
of glucocorticoi ds can be detrimental to reproductive efforts (Ler-
man et al., 1997; Silverin, 1986, 1988; Tilbrook et al., 2000 ); there- 
fore, enhanced negative feedback or reduced CORT output should 
be beneficial in preserving reproductive function by minimizing 
the duration or magnitude of CORT elevation. Additionally , we pre- 
dicted that older animals would have larger reproductive organs 
and might have smaller adrenal glands as compared to young 
animals. We found that old male mice were more sensitive to
DEX negative feedback than were young male mice, thus providing 
partial support for the hypothesis; however, we did not find any 
evidence that HPA activity changes with age in adult females. No
other differenc es in HPA function between old and young adult 
mice were noted in either sex. Regardless of age group, all mice 
experienced an increase in CORT concentration above basal levels 
after exposure to predator urine and in response to CRH injection.
Additionally , all animals displayed a pronounced diurnal rhythm in
CORT profiles. Old female mice had heavier body-mas s-corrected 
uteri than did young females, but neither adrenal nor gonadal mass 
differed between age groups in either sex. When the sexes were 
analyzed together, the same general pattern emerged and there 
was no main effect of sex or sex-by-age interaction on basal CORT,
post urine-exposure CORT or post-inje ction (DEX or CRH) CORT 
levels.

Old male California mice displayed lower CORT concentrations 
8 h following injection of a standardized dose of DEX than did 
young males. This finding suggests that the anterior pituitary of
older males is more sensitive to DEX-induced negative feedback;
it is unclear whether central sensitivity to glucocorticoids also 
differs between young and old males, as DEX does not readily cross 
the blood–brain barrier (Cole et al., 2000 ). This increased pituitary 
sensitivity with old age supports the hypothesis that decreased 
future opportunities for breeding should favor a more easily 
suppressed HPA axis. However, we did not find any differences in
CRH-stimul ated CORT concentratio ns between the age groups 
within either sex, even when we analyzed total CORT output with 
post-DEX values taken into consideration (AUCi values). This 
suggests that HPA axis sensitivity to CRH is not dampened in older 
animals. Additionally, age did not affect CORT levels following 
5-min exposure to predator urine, suggestin g that HPA axis sensi- 
tivity to an acute stressor is not altered by age.

Our equivocal findings on effects of age on CORT are consisten t
with previous research, as several other studies have also noted 
mixed findings on effects of age on HPA activity and responsive- 
ness to DEX. In hybrid (F344/BN) male rats, 30-mont h-old males 
had lower post-DEX CORT concentr ations than 3-month-old males,
but age groups (3 vs. 15 vs. 30 months) did not differ in their CORT 
response to restraint stress (Kasckow et al., 2005 ), similar to our 
findings in male California mice. Additionally , 24-month-old 
F344/BN hybrid males had lower post-DEX CORT concentrations 
as compared to 3-month-old males when the DEX injection was 
given systemic ally (Mizoguchi et al., 2009 ). However, when DEX 
was administered directly into the brain (prefrontal cortex, hippo- 
campus, or hypothalam us), the suppressive effect of DEX on plas- 
ma CORT was abolished in old rats whereas young rats still 
experienced a decrease (Mizoguchi et al., 2009 ), suggestin g that 
age differentiall y affects responsiveness to glucocorticoid negative 
feedback at both the brain and the pituitary. In contrast, old (15–
27 years) female rhesus monkeys (Macaca mulatta ) displayed an
earlier release from DEX-induce d cortisol suppression than did 
younger adult (7–8 years) females; however, the two age groups 
did not differ in glucocorticoid concentratio ns following CRH injec- 
tion (Gust et al., 2000 ). Addition ally, post-DEX and post-CRH corti- 
sol levels were higher in older men and women compared to their 
younger counterparts (Heuser et al., 1994 ). In sum, these findings
suggest that pituitary sensitivity to DEX and/or glucocorticoids in- 
creases with old age in male rodents but decreases with old age in
primates .

Effects of aging on HPA responses to stress also differ among 
studies. For example, old (24 months) female Fisher 344 rats had 
lower CORT levels following 15-min exposure to a novel environ- 
ment and to a bout of anesthesi a with blood collection, as com- 
pared to young female rats (3 months; Brett et al., 1983 ).
However , young and old females did not differ in CORT levels fol- 
lowing a 3-min novel-envi ronment exposure. Moreove r, young and 
old male Fisher 344 rats did not differ in CORT concentr ation fol- 
lowing any of the three stress paradigms (Brett et al., 1983 ), sug- 
gesting that the effects of age on CORT responses can be
modulate d by both sex and stressor type. Old (22–24 months)
and young (3 months) male Wistar rats did not differ in CORT re- 
sponse following 15 min in a novel environment, but old males dis- 
played higher baseline CORT concentr ations than did young males 
(Keck et al., 2000 ). Moreove r, 33-month-ol d male F344/BN hybrid 
rats had higher CORT levels following a 30-min novel environment 
exposure compared to 15- and 3-month-old males, but the three 
age groups did not differ in the CORT response to restraint stress 
or in morning basal CORT levels (Herman et al., 2001 ), contrary 
to findings on basal levels in Wistar rats and again suggesting that 
strain, stressor type, and possibly age categories can alter results.
In humans, a meta-analysi s indicated that older adults have more 
active HPA axes (higher post-stre ss and post-DEX cortisol levels)
than do young adults, and that this differenc e is more pronounced 
in women compare d to men (Otte et al., 2005 ), again pointing to a
sex difference. The occurrence of mixed results across several spe- 
cies suggests that age effects on HPA function are complex, and 
that numerous organismal and experimental variables, including 
sex, strain, stressor type, test paradigm, age classification, and 
injection route, can influence the interactions between age and 
HPA responsiveness .

In cont rast to our hor monal res ults, we foun d no supp ort for our 
pre dict ion s reg ardi ng age effe cts on org an mass es in males , but 
fou nd par tial supp ort in fem ale s. Des pite bei ng virg ins, old fema les 
had high er bod y-ma ss-c orr ecte d uter ine mass tha n did you ng fe- 
males, poss ibl y sug ges ting that old er fem ale s wer e bet ter pre pared 
for pre gnanc y as ute rine mass has been not ed to inc rea se prio r to
the bre edin g sea son (P. man icul atus , Dem as and Nels on, 1998 ) or
in resp ons e to gon adal ste roid s pre sent aro und the time of est rus 
(Rat tus nor veg icus , Lund een et al., 199 7). In con tras t, age (onset of
adu ltho od vs. you ng adu lt) did not aff ect bod y-m ass- cor rec ted uter -
ine mass in Mon gol ian ger bils (Merion es ung uicu latus ; (Sal tzm an
et al., 200 6), nor did ute rine mass dif fer betwe en juv eni le and ma- 
tur e fema le Pin e vol es (Mic rotu s pin etor um; (Sol omon et al., 199 6).

Despite differenc es in uterine mass, old and young P. californicus 
females did not differ in total ovarian mass in this study. Unfortu- 
nately, we were not able to use estrous-cy cle stage as a covariate 
because we could not accurately monitor estrous cyclicity.
However , similar numbers of old (4/9) and young (5/10) females 
expresse d vaginal cytology typical of estrus at least once during 
the study; therefore, we believe that differences in uterine mass 
were not due to age group differences in the number of animals 
undergoi ng estrous cycles. Previous reports on California mice 
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show that estrous cycles in this species are longer and more vari- 
able in length (range: 5–20 days, median: 9 days; Gubernick,
1988) than in rats and house mice (mice: 4–5 days; Caligioni,
2009; rats: 4–5 days; (Goldman et al., 2007; Long and Evans,
1922), but are consistent with cycle lengths in other Peromyscus
species (Bradley and Terman, 1979 ). Although studies on Rattus
and Mus found higher CORT levels during proestrus , estrous cycle 
stage does not affect CORT levels of female California mice 
following a 3 h social interactio n (Karelina et al., 2010 ) or 40 min 
following a resident-intruder test (Davis and Marler, 2003 );
therefore, estrous cycling should not have confounded our CORT 
results.

In conclusion, we did not find consisten t evidence for age-re- 
lated changes in HPA activity or reactivity in virgin male or female 
California mice. This suggests that aged and young adult California 
mice are not differentiall y modulating the perception of potential 
stressors (i.e. stressful or not), nor are they undergoing age-related 
alterations in HPA responsiveness to stress or exogenous HPA hor- 
mones. Nonetheless , it remains possible that the HPA axis plays a
role in the trade-off between current and future reproductive 
investment and in age-related modulation of this trade-off . For in- 
stance, aged animals might increase production of corticosteroid- 
binding globulin (CBG), thus decreasing the amount of free vs.
bound CORT and mitigating the effects of elevated glucocorticoi ds
(Breuner and Orchinik, 2002; Malisch and Breuner, 2010; Wing- 
field and Sapolsky, 2003 ). Unfortunate ly, we were not able to
determine concentratio ns of CBG at this time, but developmen t
of a CBG assay or a glucocorticoi d binding affinity assay (see
Perogamvros et al., 2011 ) for California mice would be beneficial
for future studies. Moreover, aged individuals might exhibit 
reduced responsiveness of the reproducti ve system or hypotha- 
lamic-pituitar y-gonadal (HPG) axis to elevated glucocorti coids 
(Wingfield and Sapolsky , 2003 ). In semelparous species such as
salmon (Oncorhynch us spp.) and certain dasyurid marsupials 
(Antechinus spp.), individuals are able to maintain reproductive 
function despite near-lethal levels of circulating glucocorticoi ds
(see Wingfield and Sapolsky, 2003 for review). While the 
mechanism for this ability is unknown, reduced HPG sensitivity 
has been proposed Wingfield and Sapolsky (2003). Future studies 
in California mice and other species should evaluate the interac- 
tions of age and stress effects on CORT concentratio ns and HPG-le- 
vel measures, and should investigate the relationshi p between HPA 
reactivity and reproducti ve outcomes in actively breeding, young 
and old adults.
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