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There is growing appreciation that estrogen signaling pathways can be modulated by naturally occurring environmental compounds such as phytoestrogens and the more recently discovered xenoestrogens. Many researchers studying the effects of estrogens on brain function or behavior in animal
models choose to use phytoestrogen-free food for this reason. Corncob bedding is commonly used in
animal facilities across the United States and has been shown to inhibit estrogen-dependent reproductive behavior in rats. The mechanism for this effect was unclear, because the components of corncob
bedding mediating this effect did not bind estrogen receptors. Here, we show in the California mouse
(Peromyscus californicus) that estrogens decrease aggression when cardboard-based bedding is used
but that this effect is absent when corncob bedding is used. California mice housed on corncob bedding
also had fewer estrogen receptor-␣-positive cells in the bed nucleus of the stria terminalis and ventromedial hypothalamus compared with mice housed on cardboard-based bedding. In addition, corncob bedding suppressed the expression of phosphorylated ERK in these brain regions as well as in the
medial amygdala and medial preoptic area. Previous reports of the effects of corncob bedding on
reproductive behavior are not widely appreciated. Our observations on the effects of corncob bedding
on behavior and brain function should draw attention to the importance that cage bedding can exert
on neuroendocrine research. (Endocrinology 153: 949 –953, 2012)

E

strogens have powerful effects on behavior in a variety
of contexts. These effects are mediated by the classical
estrogen receptors (ER) such as ER␣ as well as membrane
receptors such as G protein-coupled receptor 30 (1, 2).
Recent evidence shows that the effects of estrogen signaling on behavior are dependent on the environment. For
example, several forms of endocrine disruptor compounds
have been identified that can directly or indirectly alter
estrogen signaling (3). The phytoestrogen isoflavone,
which is present in many animal feeds, inhibits ER expression in the brain and inhibits female sexual behavior (4).
An unappreciated source of estrogenic compounds that
may influence laboratory animal research is cage bedding.
A series of papers demonstrated that corncob bedding,
which is used in many animal facilities in the United States,

inhibited sexual behavior in both female (5) and male (6)
rats. These effects were linked to specific components of
corncob bedding: linoleic acid-derived tetrahydrofuran
(THF)-diols (7). Interestingly, THF-diols do not bind to ER␣,
so it has been unclear how THF-diols affect behavior.
Here, we examine the effects of corncob bedding on
estrogen-dependent aggressive behavior in the California
mouse (Peromyscus californicus). Previous studies in
Peromyscus demonstrated that male-male aggression is
increased under winter-like short-day photoperiods and
that this effect is facilitated by rapid effects of estradiol (8,
9). We examined the levels of THF-diols in plasma as well
as ER␣ immunoreactivity in the bed nucleus of the stria
terminalis (BNST), ventromedial hypothalamus (VMH),
medial preoptic area (MPOA), and medial amygdala
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(MEA). These brain regions form part of a circuit that
regulates male social behaviors, including aggression (10).
We also examined expression of phospho-ERK (pERK)
because ERK function has been linked to aggressive behaviors (11–13). At present, we have not yet discovered the
specific mechanisms mediating the estrogenic properties of
corncob bedding. However, our data and those of others
(5–7) indicate that the type of cage bedding used has the
potential to influence the results of virtually any study examining the effects of estrogens on physiology or behavior.

Materials and Methods
Adult male P. californicus mice bred in our laboratory colony and
purchased from the Peromyscus Stock Center (University of South
Carolina, Columbia, SC) were housed in clear polypropylene cages
provided with either 500 ml Carefresh (Absorption Corp., Fernadale, WA; no. 868744) or 300 ml corncob bedding (1/8 in.; Andersons, Maume, OH; no. 88) and cotton nestlets. Harlan Teklad
2016 food (phytoestrogen free, Hayward, CA) and water was provided ad libitum in glass bottles with rubber stoppers. The beddings
werenotirradiated,andcageswerechangedonceperweek.Allanimals
were maintained in accordance with the recommendations of the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Experiments were approved by the Animal Use and Care
Advisory Committee at the University of California, Davis. Linoleic
acid-derived THF-diols were prepared as previously described (14).

Behavioral experiments
Experimental male mice ages 3– 6 months old were housed
under a short-day photoperiod (8 h light, 16 h dark) for at least
6 wk, after which the mice were abdominally castrated and randomly assigned to receive osmotic mini-pumps (implanted sc)
filled with fadrozole (0.25 mg/kg 䡠 day; Sigma Chemical Co., St.
Louis, MO) or saline. No other hormone replacement was administered. Each mouse recovered while single housed for 10 d
and was then tested in a resident-intruder aggression test for 7
min. Intruders were group housed and similar in age, unrelated
to the residents and housed under long-day photoperiod (16 h
light, 8 h dark). Behavioral tests were conducted under dim red
light. Immediately after the test, each mouse was anesthetized
with isoflurane and rapidly decapitated. Brains were fixed in 5%
acrolein in 0.1 M PBS overnight at 4 C, transferred to 20% sucrose in PBS for 48 h, and then frozen. Trunk blood was centrifuged and plasma frozen at ⫺40 C for analysis.

Immunohistochemistry
Brains were sectioned at 40 m and stored in cryopotectant
at ⫺20 C. Immunohistochemistry methods for ER␣ (9) and
pERK (11) in California mice have been previously described.
Briefly, brain sections were washed in PBS, incubated in 1%
sodium borohydride, and blocked in 10% normal goat serum
and 0.3% hydrogen peroxide in PBS. Sections were then incubated in either ER␣ antibody for 48 h (C1355; Millipore, Billerica, MA; 1:100,000 dilution) or overnight pERK antibody
(no. 4370; Cell Signaling Technology, Danvers, MA; 1:250 dilution), dissolved in 2% normal goat serum and 0.5% Triton
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X-100 in PBS. Sections were then washed with PBS and incubated in biotinylated goat antirabbit antibody (Vector Laboratories, Burlingame, CA; 1:500), then incubated in avidin-biotin
complex (ABC Elite Kit; Vector); and finally developed in nickelenhanced diaminobenzidine (Vector).

Image analysis
Images of the MEA, BNST, MPOA, and VMH were taken
under bright-field conditions using a Zeiss Axioimager equipped
with an Axiocam MRC camera. Cellular quantification was performed with Image J (National Institutes of Health, Bethesda,
MD) where boxes were used to count the number of positive cells
within each brain area (dorsal BNST, 0.27 ⫻ 0.33 mm; ventral
BNST, 0.29 ⫻ 0.23 mm; MEA, 0.25 ⫻ 0.22 mm; VMH, 0.27 ⫻
0.27 mm; MPOA, 0.24 ⫻ 0.40 mm).

THF-diol measurements
For measurements of linoleic-derived THF-diol isomers in
blood samples, 200 l plasma were loaded onto a Waters OasisHLB cartridge (1 ml, 30 mg; Waters Corp., Milford, MA) equilibrated with 94.9:5:0.1 vol/vol water/methanol/acetic acid. The
cartridge was washed with 1.5 ml 94.9:5:0.1 vol/vol water/methanol/acetic acid. After drying, the solid phase extraction cartridges were further dried with low vacuum about 20 min. Solid
phase extraction cartridge was eluted with 0.5 ml methanol followed by 2 ml ethyl acetate into tubes containing 6 l 30%
glycerol in methanol as a trap solution. The solvents were removed under vacuum, and the residues were reconstituted in 50
l methanol containing 200 nM internal standard [12-(3-cyclohexylureido)dodecanoic acid].
Liquid chromatography tandem mass spectrometry analysis
were performed on an Agilent 1200 liquid chromatography system (Agilent, Santa Clara, CA) equipped with a ABI 4000 TRAP
tandem mass spectrometer (Applied Biosystems, Foster City,
CA). After injection of 25 l extract, the analytes were separated
by a binary gradient of 0.1% acetic acid in water as solvent A and
800:150:1 methanol/acetonitrile/acetic acid as solvent B on a
reverse-phase column (Zorbax Eclipse Plus C18, 2.1 ⫻ 150 mm,
1.8-m, 600 bar, Santa Clara, CA). The analytes were separated
by a binary gradient of 25 mM ammonium acetate containing
0.1% acetic acid 95%/5% acetonitrile/water (vol/vol). Elution
was performed with a gradient of 70 –95% of solvent B from time
0 – 4 min, followed by 95% of solvent B for an additional minute,
with a flow rate of 300 l/min. Elution times of 1.74 and 2.11
min were obtained for trans-THF diols and cis-THF diols,
respectively.
The mass spectrometer was operated in negative ion mode
with a capillary voltage of ⫺4500 V, using 25 psi curtain gas, 40
psi nebulizer gas, and 71 psi drying gas at a temperature of 500
C. The dwell time was set to 50 msec and collision energy to ⫺34
V. Analyst software (version 1.5.1; Applied Biosystems) was
used for data analysis. In selected reaction-monitoring mode, the
mass to charge ratio 329/201 transition was used to monitor
both trans-THF diols and cis-THF diols, whereas the 339/214
transition was used for the internal standard. The method was
calibrated using a series of standard solutions. The limit of detection (signal-to-noise ratio ⫽ 3) was 0.1 nM for both trans-THF
diols and cis-THF diols. The method provided a broad linear
range of detection from 0.3–1000 nM (r2 ⱖ 0.99), suggesting a
limit of quantification around 0.1 nM. To validate the method,
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female breeder pairs (n ⫽ 19). These breeders were switched to
corncob bedding, and we recorded the number of pups weaned per
month over a 3-month period starting 2 months after the switch.

Statistical analyses
All behavioral, brain, and THF-diol data were analyzed with
two-way ANOVA testing for effects of bedding, fadrozole, and
the interaction. To improve normality of datasets, attack latency
data were log transformed, whereas pERK cell counts were square
root transformed (15). Fecundity data were averaged across months
for each bedding type and analyzed using paired t tests.

Results
The effect of fadrozole on aggressive behavior depended
on which bedding was used [Fig. 1A, bedding ⫻ fadrozole,
F(1,45 ⫽ 4.88; P ⫽ 0.03]. On Carefresh bedding, fadrozole
increased the number of times mice attacked intruders (bites,
planned comparison, P ⬍ 0.01). On corncob bedding, mice
FIG. 1. The effects of estrogens on aggression depend on cage
treated with fadrozole attacked intruders less frequently than
bedding. Aromatase inhibition with fadrozole increased the number of
mice treated with saline, but this difference was not significant.
bites (A) and decreased attack latency (B) on Carefresh bedding but
The latency to first attack showed a similar pattern [Fig. 1B,
not corncob bedding. *, P ⬍ 0.05; **, P ⬍ 0.01, planned comparison
for effect of fadrozole; n ⫽ 10 –14 per group.
bedding ⫻ fadrozole, F(1,45) ⫽ 2.52; P ⫽ 0.12]. Planned comparisons indicated that fadrozole decreased attack latency in
plasma samples were spiked with 10 and 100 nM of the analytes and
mice on Carefresh bedding (planned comparison, P ⬍ 0.05) but
processed like samples. The present method shows recovery rate of
had no effect in mice on corncob bedding.
85–119% of the spiked analytes. Dried corncob bedding was exCorncob bedding also had important effects in the
tracted with methanol, and THF-diols levels were then measured.
brain. Corncob bedding suppressed the number of ER␣Fecundity analysis and corncob ingestion
positive cells in the dorsal BNST [Fig. 2, F(1,33) ⫽ 6.87; P ⫽
Colony records were used to estimate the effects of corncob
0.01] and VMH [Fig. 2, F(1,33) ⫽ 11.5; P ⫽ 0.02]. There
bedding on reproductive success. We recorded the number of pups
were no differences in ER␣-positive cells in the ventral
weaned per month over a 3-month period from established maleBNST, MPOA, or MEA (Fig. 2, all P ⬎
0.14). Measurements of pERK immunostaining demonstrated that corncob
bedding suppressed the number of
pERK cells in every brain region examined (Fig. 3, all main effects of bedding
P ⬍ 0.05). In the ventral and dorsal
BNST and MEA, fadrozole also reduced the number of pERK-positive cells
for mice housed on Carefresh bedding
(planned comparisons, P ⬍ 0.05) but
not mice housed on corncob bedding.
Surprisingly, we found evidence that
the levels of total THF-diols in plasma
were influenced by both corncob bedding and fadrozole [Table 1, interaction, F(1,33) ⫽ 3.2; P ⫽ 0.08]. Corncob
bedding increased total THF-diol levels
for mice treated with saline (planned
comparison, P ⬍ 0.01) but not fadroFIG. 2. Corncob bedding suppresses the number of ER-␣-immunoreactive cells in the BNST and
VMH but not the MEA or MPOA. **, P ⬍ 0.01, main effect of bedding; n ⫽ 7–11 per group.
zole. Differences in THF-diol levels
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cob bedding. We also demonstrated
that corncob bedding reduced the number ER␣-positive cells in both the BNST
and VMH and that corncob bedding
suppressed pERK expression across the
hypothalamus and extended amygdala.
The widespread suppression of pERK
by corncob bedding has important implications for many areas of neuroscience. For example, ERK signaling is
known to regulate a diverse range of
behaviors including learning (16), addiction (17), and social behavior (18).
Our results suggest that these mechanisms would be impacted by the use of
corncob bedding.
We demonstrated that corncob bedding significantly increased plasma levels of THF-diols in mice treated with
saline. This difference was driven priFIG. 3. Corncob bedding suppresses the number of pERK-immunoreactive cells. Fadrozole
reduces the number of pERK-immunoreactive cells in the BNST and VMH but not the MEA or
marily by increases in trans-THF-diols,
MPOA. **, P ⬍ 0.01; ***, P ⬍ 0.001, main effect of bedding; †, P ⬍ 0.01, planned
and we observed that concentrations of
comparison for effect of fadrozole; n ⫽ 7–11 per group.
trans-THF-diols were 5-fold higher
than cis-THF-diols in corncob bedding.
were driven primarily by differences in trans-THF-diols
The
most
likely
route
of administration of THF-diols is
[interaction, F(1,33) ⫽ 4.3; P ⫽ 0.04] vs. cis-THF-diols
[interaction, F(1,33) ⫽ 2.4; P ⫽ 0.14]. These data were orally, because the authors and animal care staff observed
consistent with measurements of corncob extract, which mice ingesting corncob bedding (75 ⫾ 13 mg over a
contained approximately 5-fold more trans-THF-diols 30-min period). It has been hypothesized that dietary
(22.0 ⫾ 4.0 nmol/g) compared with cis-THF-diols (4.2 ⫾ polyunsaturated fats (such as linoleate contained in
0.6). There were no significant differences in the number of corn products) may be beneficial for reducing high-denpups born (mean ⫾ se; Carefresh 2.6 ⫾ 0.1, corncob 2.4 ⫾ sity lipoproteins (19). Linoleate can be metabolized into
0.2; paired t18 ⫽ 0.7; P ⬎ 0.4) or weaned (Carefresh 2.4 ⫾ THF-diols (20), which our data suggest could influence
0.1, corncob 2.4 ⫾ 0.2; paired t18 ⫽ 0.3; P ⬎ 0.7) after brain function. Although linoleate-derived THF-diols are
switching breeders to corncob bedding.
known to suppress estrogen-dependent reproductive behavior, they do not bind to ER␣. We showed that corncob
bedding reduces ER␣ immunoreactivity in the BNST and
Discussion
VMH, which regulate both male (21) and female (22) reOur results show that the effects of corncob bedding on productive behavior. Thus, one potential mechanism
behavior can be even more dramatic than previously through which corncob bedding may alter estrogen-senobserved with reproductive behavior. Estrogens in- sitive behavior is by decreasing ER␣ expression in specific
creased aggressive behavior on cardboard-based bed- brain regions. Intriguingly, corncob bedding did not sigding, whereas this effect was essentially reversed on corn- nificantly increase plasma THF-diol levels in fadrozoleTABLE 1.

Effects of bedding and fadrozole on THF-diol levels
Carefresh

Saline
Fadrozole
a

Corncob

Trans-THF
(nM)

Cis-THF
(nM)

Total
(nM)

Trans-THF
(nM)

Cis-THF
(nM)

Total
(nM)

26 ⫾ 7a
50 ⫾ 15

32 ⫾ 10
47 ⫾ 15

59 ⫾ 18a
95 ⫾ 29

84 ⫾ 28
34 ⫾ 8

110 ⫾ 41
47 ⫾ 15

194 ⫾ 69
82 ⫾ 24

P ⬍ 0.01, planned comparison with corncob.
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treated mice. One possible explanation is that fadrozole
may affect the clearance of fatty acids from the blood,
which would influence levels of highly polar THF-diols.
Studies of neuroendocrine mechanisms of behavior and
brain function are frequently conducted in laboratories, because this allows for more control over experimental conditions. However, scientists need to be creative in thinking
about the factors that could be influencing observed results.
Recent reports have demonstrated that factors such as
nearby construction (23) or the age at which mice are shipped
(24) can have very strong effects on neuroendocrine function.
The potential effects of phytoestrogens in soy-based animal
feeds on behavior and brain function have received more attention (25), and many vendors now emphasize this in their literature.However, citation analyses indicate that the behavioral
effects of corncob bedding are much less appreciated, despite
its widespread use. An informal survey of attending veterinarians at six University of California laboratory animal facilities indicated that roughly half use corncob as the primary
bedding. Although it is possible that there could be differences in the effects of corncob from different suppliers, previous work reported that the estrogenic properties of corn
were detected in other commercially available products such
as corn tortillas (5). Our results suggest that journals should
be more diligent in requiring investigators to report the type
of bedding used in experiments. The potential impact of bedding needs to be considered by researchers studying the effects of estrogens on brain function and behavior.
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