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HIGHLIGHTS

* Laboratory bedding material influences developmental programming of rats.

* Bedding material during early life can alter stress sensitive measures in adulthood.
* Corncob bedding during sensitive periods decreases adult measures of anxiety.

* Bedding material during adulthood does not affect adult anxiety-like behavior.

ARTICLE INFO ABSTRACT

Article history: Diverse environments early in mammalian life can have profound influences on the physiology and behavior of
Received 9 May 2013 developing offspring. Environmental factors can influence offspring development directly or through perturba-
Received in revised form 30 July 2013 tions in parental care. In the current study, we wished to determine if the influence of a single environmental
Accepted 3 August 2013

variable, type of bedding material used in laboratory cages, is capable of altering physiological and behavioral
outcomes in offspring. Female rats were housed in cages containing wood pulp or corncob bedding and allowed
to mature. These rats, while housed on assigned bedding material, were bred and allowed to give birth. At

Available online 12 August 2013

Ié:ﬁ‘;”ﬂ?gj ' weaning, male offspring were housed on one of the two bedding conditions and tested later in adulthood on
Housing stress-sensitive behavioral measures. Postmortem analysis of glucocorticoid receptor expression and CRH
Bedding mRNA levels were also measured. Maternal care directed at the pups reared in the two different bedding condi-
Stress tions was also recorded. Rats reared from birth on corncob bedding exhibited decreased anxiety-like behavior, as
Development adults, in both open field and light-dark box tasks compared to wood pulp reared animals. Animals that received
Rat similar overall levels of maternal care, regardless of bedding condition, also differed in anxiety-like behaviors

as adults, indicating that the bedding condition is capable of altering phenotype independent of maternal care.
Despite observed behavioral differences in adult offspring reared in different bedding conditions, no changes
in glucocorticoid receptor expression at the level of the hippocampus, frontal cortex, or corticotrophin releasing
hormone (CRH) mRNA expression in the hypothalamus were observed between groups. These results highlight
the importance of early life housing variables in programming stress-sensitive behaviors in adult offspring.
Published by Elsevier Inc.

1. Introduction

Across mammalian species, early life is a time of heightened suscep-
tibility to environmental input, capable of altering the development of
offspring behavior and physiology [1-4]. Environmental input, particu-
larly during periods of heightened neuronal plasticity, can increase neu-
ron numbers, synapses, and dendritic branching, as well as influence
neuroendocrine systems such as the hypothalamic-pituitary-adrenal
(HPA) or stress axis to further alter animal behavior [5-11]. In the
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laboratory, different animal housing conditions at various points in the
lifespan of the organism (such as providing more complex/enriched
cages, or conversely, deprivation) can also influence stress-axis function
and behavior. Many studies, including a seminal paper by Crabbe et al.
illustrate how minor changes in standard laboratory environments
can abolish or reverse genetic effects of behavior in laboratory mice
[12,13]. Providing enriched housing conditions to mice typically housed
under standard laboratory housing conditions is sufficient enough to
attenuate non-spatial memory impairments in NMDA knockout mice,
possibly by increasing synaptogenesis [13,14]. Little is known about
which specific features of laboratory housing contribute to changes in
rodent phenotypes. One fundamental environmental variable, the type
of bedding used in cages, may be a source variation in laboratory tests
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of animal behavior. Rodent bedding materials have been demonstrated
to influence stress and immune reactivity profiles [15,16], thermoregu-
lation processes [17,18], vocalizations, [19], body mass [20], as well
as liver enzyme levels in laboratory rats and mice [21,22]. Research
focusing on corncob bedding, which contains measurable levels of
phytoestrogens, reports alterations in slow-wave sleep, suppression of
male and female reproductive behavior, acyclicity in female estrus cy-
cles, as well as changes in estrogen receptor alpha expression in regions
of the brain implicated in aggression and sexual behavior [23-25]. These
studies suggest that housing conditions can fundamentally alter animal
behavior and CNS function, results which emphasize the sensitivity of
CNS developmental plasticity as well as fundamentally alter conclusions
drawn from animal studies.

Environmental manipulations of standard laboratory housing pa-
rameters can influence offspring directly as described above, or indi-
rectly, through perturbations in parental care. For example, alterations
in early post-natal maternal care in the laboratory rat can program the
developing HPA-neuroendocrine pathways and behavioral fearfulness
when rodents reach adulthood [26-29]. These effects persist through-
out the life of the animal and alter risk for stress-related disease
[2,4,30]. Manipulation of the physical environment, including access
to nesting sites and bedding, perturbs parental care which subsequently
influences neuroendocrine and behavioral phenotypes of developing
offspring. For example, rat mothers with restricted access to bedding
material during the postpartum period displayed more disorganized/
fragmented levels of maternal care than controls [31]. Rat dams them-
selves, with restricted access to bedding material during the postpar-
tum period, also display an increase in HPA reactivity, more stressful
behavioral phenotypes and altered hypothalamic CRH expression
suggesting that environmental alterations increase maternal stress.
While offspring behavior was not reported [31], other studies in
which pups whose mothers were given restricted access to nesting
and bedding material had deficits in spatial memory, reduced body
mass, and an increase in depressive-like behavior that were accompa-
nied by changes in hippocampal CA1 long term potentiation [5].

Using a simple manipulation of environmental parameters, we
wished to investigate if the use of different housing materials during
the early life period of the laboratory rat was capable of altering off-
spring behavior as adults and if observed changes in offspring behavior
can be accounted for by alterations in maternal care. We reared Long
Evans rats on wood pulp or corncob bedding, assessed maternal care
during the early postpartum period and subsequently assessed stress-
sensitive measures later in adulthood. We hypothesized that animals
raised on wood pulp bedding conditions would differ significantly
in anxiety-like behavior as adults than animals raised on the corncob
bedding. We predicted that rat dams provided with wood-pulp mate-
rials would provide greater levels of maternal care to offspring which,
in turn, would result in lower stress-reactivity phenotypes as adults.

2. Methods and materials
2.1. Animals and housing

Female Long Evans rats used in this study were purchased from
Charles River Breeding Laboratories (Wilmington, MA). Adolescent
female rats were pair housed in standard polypropylene cages
(27.8 x 17.5 x 13.0 cm) containing either wood pulp or corncob
bedding material (1/8” Purelite Sanitized Corncob Bedding and
Tek-Fresh Laboratory Animal Bedding, Harlan, Hayward, CA). Animals
were allowed to mature for three months on the assigned bedding ma-
terial. Females were then mated with male stud animals also purchased
from Charles River. Male studs were housed on wood pulp bedding
prior to mating. For all animals, temperature was kept constant at
20 + 2 °C and relative humidity was maintained at 50 + 5%. Rats
were kept on a 12-h light-dark cycle (lights on 0700 h to 1900 h) and
allowed access to food (Tekland Global Diet #2918) and tap water

ad libitum. Females were allowed to give birth and maternal behavior
was recorded as described below. A single 9.5 in. x 5.5 in. paper
towel was provided for nesting material to all groups. At PND 21,
male offspring from across litters (n = min 14/group), were weaned
and pair housed in either corncob or wood pulp bedding conditions.
Housing conditions at weaning were the same as that of the postpartum
period. After 12 weeks of housing, animals were assessed on several
stress-sensitive behavioral tasks described below. A subset of naive
animals (n = 10) housed on wood pulp bedding were switched to
the opposite bedding and behaviorally tested after two weeks. Animals
were euthanized and post-mortem markers assessed within 48 h of
completing behavioral tasks. Breeding, weaning, and rearing of animals
were performed simultaneously rather than sequentially. Housing and
care of the rats were carried out in accordance with the standards and
practices of the UC Berkeley Animal Care and Use Committee.

2.2. Observations of maternal behavior

Female rats were bred and permitted to give birth (n = 12). Day
of birth was marked as postnatal day (PND) 0. Maternal observations
were performed beginning on PND 1 and continued until PND 5
[10,11,32]. Each litter was observed for 3 h a day at the following
times: 0700-0800 h, 1200-1300 h and 1900-2000 h. During each ob-
servation session, litters were observed and behaviors recorded every
1 min (i.e. each litter was observed 180 times per day for five days). Be-
haviors recorded included: mother on/off the nest and maternal licking
behaviors directed at self or at pups. A distribution curve was generated
by calculating the frequency with which pup-directed maternal licking
was observed. Maternal licking was expressed as a percentage of the
total number of observations performed for each litter. The mean fre-
quency of maternal licking was calculated for the cohort. Animals
were weaned on PND22, and pair housed with same sex littermates as
described above.

2.3. Behavior

All animals were tested in two stress-sensitive behavioral tasks as
adults: the Open-Field Test and the Light-Dark Box Test. Animals were
tested on non-consecutive days.

2.3.1. Open-Field Test

To assess anxiety-like behavior, animals were exposed to an open
field (a large circular polypropylene arena 140 cm in diameter, 61 cm
in height). Each animal was placed in the open-field for 5 min and
subsequent behaviors were recorded. The arena was cleaned between
animals. Frequency of crosses between the outer arena (14 cm width)
and the interior inner arena (112 cm diameter) and amount of time
spent in the inner-arena of the open field was quantified. The behavior
of each rat was recorded and analyzed by an experimenter blinded to
group conditions. The greater amount of time spent in the inner arena
was interpreted as a less anxious phenotype [33-35].

2.3.2. Light-Dark Box Test

Similar to the open field, the light-dark box is used to assess anxious
behavior in rodents [33,35]. The light-dark box consists of two
contiguous acrylic rectangular arenas (76 x 40 cm) connected by a
10 x 10 cm entrance. One arena, the dark box, is black acrylic and shel-
tered with a black acrylic cover while the second arena, the light box, is
constructed of transparent acrylic and is open and uncovered. Animals
were initially placed within the dark chamber and allowed 5 min of
open exploration. The behavior of each rat was recorded and analyzed
by an experimenter blind to the conditions. Time spent in the light
box was quantified and interpreted as a behavioral marker of less
anxious behavior [33,35].
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2.4. Postmortem neuronal markers

24.1. Western blots

Glucocorticoid receptor (GR) protein expression in the frontal cortex
and hippocampus was assayed via western blot in all animals (n = 8
per group). Tissue was dissected immediately after euthanasia and
snap frozen in liquid nitrogen. Whole hippocampus was removed and
frontal cortex dissection was restricted to infralimbic, prelimbic, and
anterior cingulate cortices. Upon assay, tissue was homogenized with
motor driven pestle in RIPA buffer solution with 1% protease inhibitor
(Calbiochem protease inhibitor cocktail set iii, EDTA free). RIPA buffer
contained 50 mM Tris HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, and 0.1% sodium dodecyl sulfate at a pH of 8.0 at room tem-
perature. The homogenate was then centrifuged at 14,000 g for 30 min.
The supernatant was extracted and total protein concentrations were de-
termined via Pierce BCA protein assay kit (Thermo Scientific). Twenty mi-
crograms of protein was then loaded and separated with a 7.5% Tris-SDS
polyacrylamide gel electrophoresis (Bio-Rad, Hercules, CA). Proteins were
transferred to PVDF membrane (Amersham Hybond-P; GE Healthcare)
and blocked with 5% non-fat milk in 1x TBS-t (Tris-buffered saline,
0.1% Tween-20, pH 7.6) for 1 h. Membrane was then incubated
with polyclonal rabbit anti-GR at 1:2000 (Santa Cruz Biotechnology,
#sc-1004) and mouse anti-actin at 1:10,000 (Sigma Aldrich, #A1978)
overnight at 4 °C. The signal was detected using horseradish peroxidase
(HRP)-conjugated anti-rabbit and anti-mouse antibodies at a concentra-
tion of 1:5000 (Jackson ImmunoResearch). The signal was subsequently
enhanced via Western Lightning ECL Kit (PerkinElmer; Waltham, MA)
and exposed to autoradiography film for visualization. Western band
optical density was determined by gel imaging system (MCID Basic,
Version 7.0; Imaging Research Inc.) and normalized with the band optical
density value of actin as an internal control.

2.4.2. RT-qPCR

Hypothalamic tissue (n = 8 per group) was analyzed via RT-qPCR.
Specific rat primers for several different mRNAs were designed by
blasting the primer sequence against NCBI genomic databases and
then checking for specificity. Primers were created by Integrated DNA
Technologies. Primers are detailed in the table below:

Gene Direction Sequence
CRH + 5’-GGA GCC GCC CAT CTC TCT-3'
— 5’-TCC TGT TGC TGT GAG CTT GCT-3’
CRH-1R + 5’-TCC ACC TCC CTT CAG GAT CA-3’
- 5'-TGC AGG CCA GAA ACA TTG C-3’
CRH-2R + 5’-CTG GAA CCT CAT CAC CAC CT-3’
- 5'-AGG TAG CAG CCT TCC ACA AA-3'
BDNF exon IX + 5'-GAG AAG AGT GAT GAC CAT CCT-3’
- 5’-TCA CGT GCT CAA AAG TGT CAG-3’
RPLP + 5’-ATC TAC TCC GCC CTC ATC CT-3'

5'-GCA GAT GAG GCT TCC AAT GT-3'

CRH, corticotrophin releasing hormone peptide; CRH-1R, corticotrophin releasing hor-
mone receptor 1; CRH-2R, CRH receptor 2; BDNF, brain derived neurotrophic factor;
RPLP, 60s ribosomal protein 1.

Briefly, hypothalamic regions were dissected and rapidly snap-
frozen in liquid nitrogen. Tissue was homogenized with motor pestle
using Trizol reagent (Invitrogen) and removed of decontamination
via DNase kit protocol (Applied Biosystems). RNA quality was assessed
via gel electrophoresis, and 1 g RNA reverse-transcribed into compli-
mentary DNA using the iScript ¢cDNA synthesis kit (Bio-Rad). cDNA
product was analyzed by BioRad CFX96 Real Time PCR machine using
a two-step PCR and SsoAdvanced SYBR Green Supermix (BioRad) per
manufacturer's instructions. Sso7d Fusion DNA polymerase was activat-
ed at 95 °Cfor 30 s. cDNA was then denatured at 95 °C for an additional
30 s following annealing and extension at 55 °C for 40 cycles. After the
PCR was complete, specificity of each primer pair was confirmed using
melt curve analysis in which each amplicon yielded a single peak. A

cycle threshold (AACt) analysis was performed with BioRad CFX96
data analysis software and normalized to the reference ribosomal
RNA, RPLP.

3. Statistical analysis

Prior to analysis of behavioral data, a D'Agostino-Pearson omnibus
test for normality was conducted. If data from behavioral tasks were
not normally distributed, a Mann-Whitney U-test was used to account
for non-Gaussian distributions. Otherwise, data was analyzed using
a student's t-test between conditions. Results were considered statisti-
cally significant when p < 0.05. Post-mortem GR optical density values
and RT-qPCR mRNA values were normalized to respective house-
keeping controls (actin and RPLP gene).

4. Results
4.1. Offspring anxiety-related behaviors

4.1.1. Open field

As adults, animals reared and subsequently housed on corncob bed-
ding spent significantly more time exploring the inner arena of the open
field relative to wood pulp reared animals (U (42) = 66.50, p <.0001)
(Fig. 1A). More time exploring the inner area of this arena suggests
lower levels of anxiety in these animals. Latency to enter the inner
arena of the open field as well as number of crosses between quadrants
was not significant.

4.1.2. Light-dark box

As adults, animals reared and housed on corncob bedding spent
significantly more time exploring the illuminated portion of the light-
dark box compared with wood pulp raised animals (U (32) = 38.00,
p = .0003) (Fig. 1B). Greater time exploring the open end of a light-
dark box apparatus suggests lower levels of anxiety.

Open field and light-dark box data was not significant for animals
placed on respective bedding as adults. Animals which were reared
on wood pulp and placed on corn cob in adulthood (open field:
U (26) = 83.00, p = 0.7544 and light-dark box: U (22) = 45.50,
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Fig. 1. Offspring behavior in adulthood after rearing on either corncob or wood pulp
bedding. A) Open field (p < .0001) and B) light dark box (p < .001). Results are reported
as mean time exploring inner arena of open field and exposed area of light box + SEM.
Animals raised on wood pulp spend significantly less time on behavioral indices of anxiety
as indicated by the open field and light-dark box tasks.
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p = 0.1440) as well as animals reared on corn cob and placed on wood
pulp in adulthood (open field: t (34) = 1.0, p = 0.3170 and light-dark
box: t (28) = 1.3, p = 0.216) did not differ in behavior (Fig. 2A-D).
This suggests that differences in anxiety related behaviors are develop-
mental in nature.

4.2. Glucocorticoid receptor expression and CRH hypothalamic mRNA

As adults, hypothalamic and frontal cortex glucocorticoid receptor
expression did not differ between rats housed on corncob or wood
pulp bedding conditions (t (14) = 0.5, p = 0.659 and t (14) = 0.7,
p = 4929 respectively) (Fig. 3A and B). Similarly, CRH peptide, CRH-
1R, CRH-2R, and BDNF hypothalamic mRNA were not significantly
different between groups (t (14) = 0.27, p = 0.7935; t (14) = 0.23,
p = .8250; t (14) = 0.19, p = 0.8358; and t (14) = 0.24,p = 0.8164
respectively) (Fig. 3C).

4.3. Maternal behaviors

The mean licking and grooming percentages for dams rearing
pups on corncob or wood pulp bedding were significantly different.
Corncob-housed rat mothers spent significantly more time licking and
grooming offspring compared to wood pulp housed dams (U (10) =
3.5,p = 0.0412) (Fig. 4A). Rat dams across the two groups did not differ
in additional measures including i) percent of time arch-back nursing
(U (10) = 14, p = 0.8081) or ii) percent time being on/off nest
(U (10) = 11, p = 0.4606) (Fig. 4B and C).

To control for the putative effects of varying levels of maternal care
on adult anxiety measures, animals from both housing conditions
were statistically matched for overall levels of maternal care (mean LG
score of 7.4%) and performance on anxiety measures assessed. Animals
matched for overall maternal care received during the first five postna-
tal days performed significantly different on both the open field and
light-dark box tasks. Rats reared on corncob bedding that had received
equivalent amounts of maternal LG as those reared on wood pulp
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bedding spent significantly more time exploring the inner area of the
open-field (U (17) = 12, p = 0.0079) (Fig. 5A) and more time in
the light portion of the light-dark box (t (18) = 3.40, p = 0.0032)
(Fig. 5B).

5. Discussion

A robust literature highlights the importance of early life environ-
mental variables that influence stress responsivity in adult offspring,
primarily using the laboratory rat as a model [1,28,36-39]. One environ-
mental variable demonstrated to influence offspring development is
the material on which rodents are housed [40]. In the current study,
we employed two different bedding materials commonly used in stan-
dard laboratory housing conditions to assess how they may influence
anxiety related behaviors in the Long Evans rat. We hypothesized that
rearing offspring on qualitatively different bedding materials would in-
fluence later measures of adult anxiety-like behaviors and, potentially,
underlying neurobiological correlates. Our results demonstrate that
varying the bedding on which a laboratory rat is reared contributes
to significant differences in anxiety-like behaviors later in adulthood.
Rats reared (and subsequently housed) on corncob bedding exhibited
significantly less-anxious phenotypes compared to those reared (then
housed) on wood pulp bedding material. As glucocorticoid receptor,
BDNF, CRH, CRH-R1, and CRH-R2 expression (in various neuronal
regions) have all been implicated in the expression of fear and anxiety
and are sensitive to early life environmental factors, we wished to assess
if bedding conditions during early life influenced the expression of
these genes [11,31,41-43]. Hypothalamic CRH, CRH-R1, and CRH-R2
mRNA levels were not significantly different across conditions. Similarly,
glucocorticoid receptor expression in the hippocampus and frontal
cortex was not significantly different across bedding conditions when
measured using western blot. However, this does not preclude the
possibility that differences in GR mRNA levels may exist in these regions.

The study of early developmental programming of stress-sensitive
phenotypes has most recently focused on the relationship between
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Fig. 2. Offspring behavior reared on corncob or wood pulp bedding and placement on opposite bedding in adulthood. A) Open field (p > .05) and B) light dark box (p > .05). Animals were
reared on wood pulp and moved to corncob bedding in adulthood. C) Open field (p > .05) and D) light dark box (p > .05). Animals were reared on corncob and moved to wood pulp
bedding in adulthood. Results are reported as mean time exploring inner arena of open field and exposed area of light box + SEM.
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Fig. 3. Post-mortem neural markers. Western blot: A) hippocampal and B) frontal cortex glucocorticoid receptor optical density. Real time-PCR: C) hypothalamic mRNA expression relative
to house keeping control gene RPLP. CRH peptide, CRH-1 receptor, CRH-2 receptor, and BDNF mRNA (p > .05).

the quality of early life environments and parental care. The extent to
which environments directly influence offspring brain and behavior or
are mediated by alterations in parental behavior, which subsequently
influences offspring development, is subject to much debate (Fig. 6).
Evidence supporting direct maternal programming of offspring stress
physiology is supported by studies in which an increase in early mater-
nal care has been demonstrated to decrease stress reactivity and anxiety
profiles of Long Evans rats later in adulthood [26,28,32]. Ostensibly, our
results are consistent with this literature and a ‘maternal mediation’
model, in which maternal investment serves as a link between environ-
ments and offspring. We report that offspring reared on corncob
bedding, overall, received higher levels of maternal care as infants,
and exhibited lower levels of anxiety-like behaviors as adults relative
to offspring reared on wood pulp bedding (mean LG scores of 8.8%
and 5.5%, respectively). Interestingly, differences in anxiety related be-
haviors related to bedding materials are only evident in rats reared
under these different conditions. Long Evans rats placed on wood pulp
or corncob bedding as adults do not differ in anxious behavior pheno-
types (Fig. 2A-D). This suggests that both maternal care and housing
conditions during the early postnatal period are involved in regulating
the development of stress-sensitive phenotypes in young offspring.
While maternal care provided by rat dams differed across developmen-
tal bedding conditions, this factor alone did not fully account for ob-
served differences between groups. To assess direct environmental
regulation of stress phenotypes, we matched offspring from both
bedding conditions for the quantity of maternal licking and grooming
offspring received developmentally. Rats reared/housed on corncob
bedding exhibited significantly less-anxious phenotypes compared to
those reared/housed on wood pulp bedding material despite receiving
similar levels of maternal care early in life. The bedding material itself,
regardless of the maternal care received by the offspring, was sufficient
to influence adult stress-sensitive behaviors consistent with direct envi-
ronmental regulation of adult stress phenotypes (Figs. 5 and 6).

In rodents, previous studies have shown similarly complex associa-
tions between early environments, the quantity of maternal care re-
ceived, and offspring behavior. For instance, in C57BL/6 mice subject
to high and variable foraging demand conditions (i.e. an unpredictable
stressor) maternal care was more active and intense when compared
with control mothers in low foraging demand conditions, consistent
with a maternal mediation model. However, offspring anxiety-like be-
havior as adults was varying across gender and condition, with male
and female mice responding to environmental cues differentially re-
gardless of overall amounts of maternal care [44]. Similar effects were
observed in predation threat paradigms, in which rodent mothers are
exposed to predator cues. Exposure to predator odor during the first
day of life increases both nursing and licking and grooming provided
by rat dams to the offspring during the postpartum period compared
with controls. Yet, female offspring of predator odor-exposed mothers
display a more anxious behavioral phenotype compared with males,
emphasizing the mixed role of environmental regulation of maternal
care on offspring behavior [45]. Our results are similar to these findings,
showing a nuanced relationship between direct environmental pro-
gramming and maternal mediation.

Our results clearly emphasize the importance of housing variables in
influencing commonly assessed stress-sensitive rodent behaviors, while
highlighting the importance of sensitive periods in rodent development.
The findings of this paper have important implications for animal
husbandry and housing standardization. Behavioral testing across labo-
ratories does not always yield similar results despite rigorous attempts
at standardization [46,47]. One unknown variable that may contribute
to be disparate behaviors across laboratories may be bedding. Standard-
ization of bedding materials may help reduce inter-experimental vari-
ability within and across laboratories by reducing behaviorally anxious
phenotypes. Importantly, bedding standardization can also enhance
animal welfare by diminishing adult anxiety-like behavior in animals,
which is assumed to be deleterious and maladaptive in the laboratory
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physiology.

setting [13,48]. Equally, the conditions in which environments are in-
volved in programming animal behavior may serve as important criteria
to refine future research [13]. For instance, when strong anxious pheno-
types are required for research purposes, bedding type may also be
considered as one avenue to potentiate behavioral effects. For these rea-
sons, we suggest that animal housing parameters, including the type/
variety of bedding used in cages, be reported by researchers studying
animal physiology and behavior.

The results of this study are in agreement with the few reports
examining the effect of bedding materials on adult stress-sensitive mea-
sures. Our results are also in line with findings which demonstrate that
early-life maternal care received influences offspring behavior later in
adulthood. However, some limitations should be considered when
interpreting the current results. First, the independent contributions
of maternal behavior and bedding type on future offspring behavior re-
quire further investigation. We cannot conclude, from the current study,
if maternal care and bedding materials are working synergistically or
independently to influence the developmental programming of the
stress axis. Our data suggest that bedding material is a key component
of the developmental programming effect, as animals matched for over-
all levels of maternal care received early in life still differed in anxiety-
like behaviors as adults. We cannot comment more extensively on the
role of maternal care in this paradigm as we did not systematically
vary the amount of maternal care provided to the offspring; we simply
‘controlled’ for the amount of maternal care received. As mentioned
above, while maternal effects on offspring behavior and physiology
have been shown extensively in the literature, environmental effects
on offspring have also been demonstrated to occur independent of the
mother [44].

In the current study we did not investigate the powerful estrogenic
properties of corncob bedding. We do not know if early phytoestrogen
exposure in rats reared on corncob bedding may be contributing
to altered development of the stress-axis and the observed anxiolytic
phenotype; however, this is a strong possibility. Phytoestrogens
(and the active component, tetrahydrofurandiols) can alter estrogen
signaling and estrogen receptor (ER) alpha neuronal expression profiles
and may be directly ingested by animals or potentially indirectly
absorbed trans-dermally through contact with bedding [23,25,49].
While tetrahydrofurandiols do not bind ER alpha, it has been shown to
influence ER levels in the brain and alter behavior by an unknown
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mechanism of action [23,49]. Notably, developmental exposure to
estrogens (and progestins) has been shown to influence anxiety-like
behavior in male and female rodents, acting as an anxiolytic [50-53].
Likewise, through development, intake of phytoestrogens via diet has
been shown to decrease anxiety-like behavior in Long-Evans rats in a
similar direction as shown in this manuscript [54]. The anxiolytic effect
of corncob bedding on rats may be due to perturbations in developmen-
tal estrogenic signaling.

In an elegant series of studies using the California mouse, animals
housed on corncob bedding have altered estrogenic profiles and
perturbed estrogen dependent behaviors [23]. These effects have also
been reported in rats [25]. The most recent paper using the California
mouse as a model provides evidence, in line with our own, demonstrating
that the effects of corncob bedding on adult stress-relevant behaviors
appears to be generated during the postnatal, developmental window
and not in adulthood [55]. An increasing body of research demonstrates
that exposure to endocrine-disrupting compounds, particularly during
critical developmental windows, may influence sexually-dimorphic
neuroendocrine pathways controlling reproductive behaviors. While
the bulk of the research using animal models has focused on the role
of endocrine disruptors (ED) on various aspects of reproductive physi-
ology, considerably less is known about the role of ED and the stress-
axis [56].

As a final point of consideration, given the strong estrogenic proper-
ties of both corncob bedding and laboratory rodent diet, an interactive
effect of both food and corncob bedding may result in adult rats with
anxiolytic phenotypes. In the current study, all rats were fed a diet
containing 150-250 mg/kg of isoflavones (Tekland Global Diet #2918).
Patisaul et al. recently reported that developmental exposure to the ED
Bisphenol A (BPA) results in an anxiogenic phenotype in adulthood
in rats. However, this anxiogenic phenotype was mitigated if rats were
provided with a soy-based diet, demonstrating a strong interaction be-
tween EDs in the environment and soy in the diet [57].

In summary, these results suggest that seemingly innocuous envi-
ronmental variables, such as the choice of bedding material to use in
a cage, can drastically alter stress phenotypes of offspring reared on par-
ticular types of bedding. It remains to be determined if variables such as
phytoestrogen levels or maternal care mediate this effect. We conclude
that adult rodent behavior is modifiable by early exposure to differential
housing conditions. Lack of attention paid to the potent role this variable
plays in the developmental programming of laboratory animals will
have deleterious consequences for experimenters and researchers.

Role of funding source

This project was funded by a grant provided by the University of
California Berkeley Committee on Research (COR) to DF.

Conflict of interest

All authors declare no conflict of interest.

Acknowledgments

The authors would like to thank Nina Hahn, DVM for her help with
this research.

References

[1] Sakhai SA, Kriegsfeld LJ, Francis DD. Maternal programming of sexual attractivity in
female Long Evans rats. Psychoneuroendocrinology 2011;36(8):1217-25.

[2] Meaney M]J. Environmental programming of phenotypic diversity in female repro-
ductive strategies. Adv Genet 2007;59:173-215.

[3] Trivers RL. Parent-offspring conflict. Am Zool 1974;14(1):249-64.

[4] Francis DD. Conceptualizing child health disparities: a role for developmental
neurogenomics. Pediatrics 2009;124(Supplement_3):S196-202.

[5] Cui M, Yang Y, Yang ], Zhang ], Han H, Ma W, et al. Enriched environment experience
overcomes the memory deficits and depressive-like behavior induced by early life
stress. Neurosci Lett 2006;404(1-2):208-12.

[6] Rosenzweig MR, Bennett EL. Psychobiology of plasticity: effects of training and expe-
rience on brain and behavior. Behav Brain Res 1996;78(1):57-65.

[7] Diamond MC, Ingham CA, Johnson RE, Bennett EL, Rosenzweig MR. Effects of envi-
ronment on morphology of rat cerebral cortex and hippocampus. | Neurobiol
1976;7(1):75-85.

[8] Renner M]J, Rosenzweig MR. Social interactions among rats housed in grouped and
enriched conditions. Dev Psychbiol 1986;19(4):303-13.

[9] van Praag H, Kempermann G, Cage FH. Neural consequences of environmental en-
richment. Nat Rev Neurosci 2000;1(3):191-8.

[10] Champagne FA, Francis DD, Mar A, Meaney M]. Variations in maternal care in the rat
as a mediating influence for the effects of environment on development. Physiol
Behav 2003;79(3):359-71.

[11] Francis DD, Champagne FA, Liu D, Meaney MJ. Maternal care, gene expression,
and the development of individual differences in stress reactivity. Ann N Y Acad
Sci 1999;896:66-84 [Socioeconomic status and health in industrial nations: social,
psychological, and biological pathways].

[12] Crabbe JC, Wahlsten D, Dudek BC. Genetics of mouse behavior: interactions with
laboratory environment. Science 1999;284(1670).

[13] Wiirbel H. Ideal homes? Housing effects on rodent brain and behaviour. Trends
Neurosci 2001;24(4):207-11.

[14] Rampon C, Tang Y-P, Goodhouse J, Shimizu E, Kyin M, Tsien ]JZ. Enrichment induces
structural changes and recovery from nonspatial memory deficits in CA1 NMDAR1-
knockout mice. Nat Neurosci 2000;3:238-44.

[15] Freed C, Martinez V, Sarter M, DeVries C, Bergdall V. Operant task performance and
corticosterone concentrations in rats housed directly on bedding and on wire. ] Am
Assoc Lab Anim Sci 2008;47(5):18-22.

[16] Sanford AN, Clark SE, Talham G, Sidelsky MG, Coffin SE. Influence of bedding type on
mucosal immune responses. Comp Med 2002;52(5):429-32.

[17] Gordon CJ. Effect of cage bedding on temperature regulation and metabolism of
group-housed female mice. Comp Med 2004;54(1):63-8.

[18] Gaskill BN, Gordon CJ, Pajor EA, Lucas JR, Davis JK, Garner JP. Impact of nesting ma-
terial on mouse body temperature and physiology. Physiol Behav 110-111 2013:
87-95.

[19] Natusch C, Schwarting RK. Using bedding in a test environment critically affects 50-kHz
ultrasonic vocalizations in laboratory rats. Pharmacol Biochem Behav 2010;96(3):
251-9.

[20] Burn CC, Peters A, Day MJ, Mason GJ. Long-term effects of cage-cleaning frequency and
bedding type on laboratory rat health, welfare, and handleability: a cross-laboratory
study. Lab Anim 2006;40(4):353-70.

[21] Buddaraju AK, Van Dyke RW. Effect of animal bedding on rat liver endosome
acidification. Comp Med 2003;53(6):616-21.

[22] Armstrong KR, Clark TR, Peterson MR. Use of corn-husk nesting material to reduce
aggression in caged mice. Contemp Top Lab Anim Sci 1998;37(4):64-6.

[23] Landeros RV, Morisseau C, Yoo HJ, Fu SH, Hammock BD, Trainor BC. Corncob bedding
alters the effects of estrogens on aggressive behavior and reduces estrogen receptor-o
expression in the brain. Endocrinology 2012;153(2):949-53.

[24] Leys LJ, McGaraughty S, Radek RJ. Rats housed on corncob bedding show less
slow-wave sleep. ] Am Assoc Lab Anim Sci 2012;51(6):764-8.

[25] Markaverich B, Mani S, Alejandro MA, Mitchell A, Markaverich D, Brown T, et al. A
novel endocrine-disrupting agent in corn with mitogenic activity in human breast
and prostatic cancer cells. Environ Health Perspect 2002;110:169-77.

[26] Caldji C, Diorio ], Meaney M]. Variations in maternal care in infancy regulate the
development of stress reactivity. Biol Psychiatry 2000;48(12):1164-74.

[27] Champagne DL, Bagot RC, van Hasselt F, Ramakers G, Meaney M], de Kloet ER, et al.
Maternal care and hippocampal plasticity: evidence for experience-dependent struc-
tural plasticity, altered synaptic functioning, and differential responsiveness to glu-
cocorticoids and stress. ] Neurosci 2008;28(23):6037-45.

[28] Fish EW, Shahrokh D, Bagot R, Caldji C, Bredy T, Szyf M, et al. Epigenetic programming
of stress responses through variations in maternal care. Ann N Y Acad Sci 2004;1036:
167-80 [The Uterus and Human Reproduction].

[29] Weaver ICG, Cervoni N, Champagne FA, D'Alessio AC, Sharma S, Seckl JR,
et al. Epigenetic programming by maternal behavior. Nat Neurosci 2004;7(8):
847-54.

[30] McEwen BS, Sapolsky RM. Stress and cognitive function. Curr Opin Neurobiol
1995;5(2):205-16.

[31] Ivy AS, Brunson KL, Sandman C, Baram TZ. Dysfunctional nurturing behavior in rat
dams with limited access to nesting material: a clinically relevant model for early-life
stress. Neuroscience 2008;154(3):1132-42.

[32] Liu D, Diorio J, Tannenbaum B, Caldji C, Francis D, Freedman A, et al. Maternal
care, hippocampal glucocorticoid receptors, and hypothalamic-pituitary-adrenal
responses to stress. Science 1997;277(5332):1659-62.

[33] Dallas T. Animal models for the study of anti-anxiety agents: a review. Neurosci
Biobehav Rev 1985;9(2):203-22.

[34] Hall CS. Emotional behavior in the rat I. Defecation and urination as measures of
individual differences in emotionality. ] Comp Psychol 1934;18(3):385-403.

[35] John A. Tests for emotionality in rats and mice: a review. Anim Behav 1973;21(2):
205-35.

[36] Francis DD, Champagne FC, Meaney M]J. Variations in maternal behaviour are associ-
ated with differences in oxytocin receptor levels in the rat. ] Neuroendocrinol
2000;12(12):1145-8.

[37] Szyf M, Weaver ICG, Champagne FA, Diorio J, Meaney MJ. Maternal programming of
steroid receptor expression and phenotype through DNA methylation in the rat.
Front Neuroendocrinol 2005;26(3-4):139-62.



S.A. Sakhai et al. / Physiology & Behavior 120 (2013) 156-163 163

[38] Lyons DM, Parker K], Schatzberg AF. Animal models of early life stress: implications
for understanding resilience. Dev Psychobiol 2010;52(5):402-10.

[39] Korosi A, Shanabrough M, McClelland S, Liu Z-W, Borok E, Gao X-B, et al. Early-life expe-
rience reduces excitation to stress-responsive hypothalamic neurons and reprograms
the expression of corticotropin-releasing hormone. ] Neurosci 2010;30(2):703-13.

[40] Rice CJ, Sandman CA, Lenjavi MR, Baram TZ. A novel mouse model for acute and
long-lasting consequences of early life stress. Endocrinology 2008;149(10):4892-900.

[41] Roth TL, Lubin FD, Funk AJ, Sweatt JD. Lasting epigenetic influence of early-life
adversity on the BDNF gene. Biol Psychiatry 2009;65(9):760-9.

[42] Roth TL, Sweatt ]D. Epigenetic marking of the BDNF gene by early-life adverse expe-
riences. Horm Behav 2011;59(3):315-20.

[43] Korosi A, Baram TZ. Plasticity of the stress response early in life: mechanisms and
significance. Dev Psychobiol 2010;52(7):661-70.

[44] Coutellier L, Friedrich A-C, Failing K, Marashi V, Wiirbel H. Effects of foraging demand
on maternal behaviour and adult offspring anxiety and stress response in C57BL/6
mice. Behav Brain Res 2009;196(2):192-9.

[45] Coutellier L, Friedrich A-C, Failing K, Marashi V, Wiirbel H. Effects of rat odour and
shelter on maternal behaviour in C57BL/6 dams and on fear and stress responses
in their adult offspring. Physiol Behav 2008;94(3):393-404.

[46] Wahlsten D, Metten P, Phillips TJ, Boehm SL, Burkhart-Kasch S, Dorow ], et al.
Different data from different labs: lessons from studies of gene-environment inter-
action. ] Neurobiol 2003;54(1):283-311.

[47] Lewejohann L, Reinhard C, Schrewe A, Brandewiede ], Haemisch A, Gortz N, et al.
Environmental bias? Effects of housing conditions, laboratory environment and
experimenter on behavioral tests. Genes Brain Behav 2006;5(1):64-72.

[48] Beery AK, Francis DD. Adaptive significance of natural variations in maternal care in
rats: a translational perspective. Neurosci Biobehav Rev 2011;35(7):1552-61.

[49] Markaverich BM, Alejandro MA, Markaverich D, Zitzow L, Casajuna N, Camarao N,
et al. Identification of an endocrine disrupting agent from corn with mitogenic
activity. Biochem Biophys Res Commun 2002;291(3):692-700.

[50] Diaz-Véliz G, Alarcén T, Espinoza C, Dussaubat N, Mora S. Ketanserin and anxiety
levels: influence of gender, estrous cycle, ovariectomy and ovarian hormones in
female rats. Pharmacol Biochem Behav 1997;58(3):637-42.

[51] Lucion AB, Charchat H, Pereira GAM, Rasia-Filho AA. Influence of early postnatal
gonadal hormones on anxiety in adult male rats. Physiol Behav 1996;60(6):
1419-23.

[52] Zimmerberg B, Farley M]J. Sex differences in anxiety behavior in rats: role of gonadal
hormones. Physiol Behav 1993;54(6):1119-24.

[53] Llaneza DC, Frye CA. Progestogens and estrogen influence impulsive burying and
avoidant freezing behavior of naturally cycling and ovariectomized rats. Pharmacol
Biochem Behav 2009;93(3):337-42.

[54] Lephart ED, Setchell KDR, Handa RJ, Lund TD. Behavioral effects of endocrine-
disrupting substances: phytoestrogens. ILAR ] 2004;45(4):443-54.

[55] Trainor BC, Takahashi EY, Campi KL, Florez SA, Greenberg GD, Laman-Maharg A,
et al. Sex differences in stress-induced social withdrawal: independence from
adult gonadal hormones and inhibition of female phenotype by corncob bedding.
Horm Behav 2013;63(3):543-50.

[56] Frye C, Bo E, Calamandrei G, Calza L, Dessi-Fulgheri F, Fernandez M, et al. Endocrine
disrupters: a review of some sources, effects, and mechanisms of actions on behav-
iour and neuroendocrine systems. ] Neuroendocrinol 2012;24(1):144-59.

[57] Patisual HB, Sullivan AW, Radford ME, Walker DM, Adewale HB, Winnik B, et al.
Anxiogenic effects of developmental bisphenol a exposure are associated with
gene expression changes in the juvenile rat amygdala and mitigated by soy. PLoS
One 2012;7(9).





