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Increased protein expression levels of pCREB, BDNF and
SDF-1/CXCR4 in the hippocampus may be associated with
enhanced neurogenesis induced by environmental enrichment
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Abstract. Brain plasticity is very sensitive to the environment.
Certain neurotrophic factors and neurotransmitter receptors,
including brain-derived neurotrophic factor (BDNF), cyclic
adenosine monophosphate response element-binding protein
(CREB), stromal cell-derived factor-1 (SDF-1) and its specific
receptor, C-X-C motif chemokine receptor 4 (CXCR4), are
important in neurogenesis in adult animals. In the present study,
the effects of environmental enrichment (EE) on neurogenesis
in the dentate gyrus (DG) and subventricular zone (SVZ), and
the protein expression levels of BDNF, CREB, SDF-1 and
CXCR4 were investigated. Adult rats were randomly assigned
as controls or underwent EE for 30 days. Subsequently, immu-
nofluorescence staining was used to analyze cell proliferation
in the DG and SVZ, and the differentiation and survival of
newly-formed cells in the hippocampus. The protein expres-
sion levels of BDNF, phosphorylated CREB (pCREB),
protein kinase A catalytic subunit o, SDF-1 and CXCR4 in
the hippocampus were assayed by western blotting. Cognitive
function was assessed in a Morris water maze. EE improved
cognitive function, and increased the proliferation, differen-
tiation and survival of newly-formed neurons in the DG of
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adult rats; however, EE did not activate neurogenesis in the
SVZ. Furthermore, EE enhanced the protein expression levels
of BDNF, pCREB, SDF-1 and CXCR4 in the hippocampus.
These results provide a theoretical basis to explain the benefi-
cial effects of EE on healthy, adult rats.

Introduction

Ongoing neurogenesis in adults is now an accepted and
well-characterized phenomenon in the mammalian brain.
In the subgranular zone (SGZ) of the dentate gyrus (DG)
of the hippocampus and the subventricular zone (SVZ) of
the olfactory bulb, the adult rodent brain regularly produces
newly-formed cells that differentiate into neurons, astrocytes
and oligodendrocytes (1). The process of adult neurogenesis
is influenced by numerous physiological and pathological
stimuli, including brain injury, neurotrophic factors or chemo-
kines, and the environment (2-5).

Environmental enrichment (EE) is defined as a combina-
tion of ‘complex inanimate objects and social stimulation’ (6).
Compared with standard housing conditions, EE provides
enhanced stimulation of the cognitive, sensory and motor
systems in the brains of laboratory animals (7-10). Current
evidence demonstrates that EE increases hippocampal neuro-
genesis, improves cognition and promotes behavioral recovery
following a brain injury in animals (11-13). However, the
effects of EE on neurogenesis in the DG and SVZ remain to
be fully resolved. Furthermore, the mechanisms underlying
EE exposure-induced hippocampal neurogenesis remain to be
elucidated.

Brain-derived neurotrophic factor (BDNF) is an important
neuronal growth factor in the brain that promotes neuronal
maturation and neurogenesis by activating cyclic adenosine
monophosphate (CAMP) response element-binding protein
(CREB) and protein kinase A (PKA) (14). Increasing evidence
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suggests that BDNF and phosphorylated CREB (pCREB)
are key factors in the regulation of hippocampal neurogen-
esis and improved cognition, which are observed following
EE (1,13,15-17). Stromal cell-derived factor-1 (SDF-1) is a CXC
chemokine produced by bone marrow stromal cells. SDF-1
and its specific receptor, C-X-C motif chemokine receptor 4
(CXCR4), which stimulates the cAMP-mediated signaling
pathway, are important in the regulation of the proliferation
and differentiation of neural precursors (18-22).

In the present study, the impact of the provision of daily
EE for 30 days on neurogenesis in the DG and SVZ, as well
as on cognitive function in healthy, adult rats was examined.
In addition, the protein expression levels of BDNF, pCREB,
PK A catalytic subunit . (PKA C-a), SDF-1 and CXCR4 in the
hippocampus of rats housed in the presence or absence of EE
were determined.

Materials and methods

Animals and EE. Adult male Wistar rats (weight, 220-250 g)
from the Experimental Animal Center of China Medical
University (Shenyang, China) were randomly assigned to two
groups: Standard environment (SE; n=24) and EE (n=24).
The EE animals were housed for 30 days in a large cage
(841x565x526 mm) containing a variety of toys, including
houses, mazes, wheels, chains, sinks, swings, ladders and
balls; the toys were changed once or twice per week. The SE
group was housed in standard vivarium cages (30x20x15 mm)
without toys. There were 3-4 rats in each standard cage and
8-12 rats in the EE cage. All rats were housed under a temper-
ature-regulated environment with a 12-h light/dark cycle and
free access to food and water. All procedures were approved
by the Institutional Animal Care and Use Committee of China
Medical University [Shenyang, China; ref. SCXK (Liao)
2008-0005].

Morris water maze test. Spatial learning was analyzed with a
match-to-place version of the Morris water maze test on days
31-33, as described previously (23). Following the assessment
(day 33), a probe trial of 60 sec in the absence of the platform
was performed to estimate the ability of the rats to recall the
location of the platform by measuring the number of passings
over its previous location. Swimming routes were monitored
with the SLY-WMS video tracking system (Beijing Sunny
Instruments Co., Ltd., Beijing, China).

5-Bromo-2-deoxyuridine (BrdU) labeling. To examine the
rate of cell differentiation and survival, one cohort of rats
(n=12 per group) was injected i.p. with BrdU (100 mg/kg;
Sigma-Aldrich, St. Louis, MO, USA) once a day on days 11-15
and sacrificed on day 36. In order to investigate the rate of
cell proliferation, one cohort of rats (n=6 per group) received
injections of BrdU twice daily on days 34-35 prior to sacrifice
on day 36.

Tissue preparation. The rats were transcardially perfused with
normal saline and 4% paraformaldehyde under anesthesia,
following which the brains were removed immediately and
postfixed in 4% paraformaldehyde overnight at 4°C. Brains
were then placed in a 30% sucrose solution. When the tissues

ZHANG et al: MECHANISMS UNDERLYING EE-INDUCED NEUROGENESIS

had sunk to the bottom of the container, they were removed,
placed in optimal cutting temperature compound (Sakura
Finetek USA, Inc., Torrance, CA, USA) and snap frozen. A
series of contiguous 40-pm-thick coronal sections were cut on
a cryotome (Leica Microsystems GmbH, Wetzlar, Germany).
A total of five coronal sections were selected from every
sixth section between bregma level -2.8 and -4.0 mm through
the dorsal hippocampus or between bregma level +0.96 and
-0.24 mm through the SVZ in each rat prior to immunos-
taining.

Immunofluorescence staining. As described previously (24),
DNA was denatured and the incorporated BrdU was detected
immunologically using a sheep anti-BrdU antibody (1:500;
catalog no. ab1893; Abcam, Cambridge, MA, USA). The
following antibodies were used for phenotyping in combina-
tion with anti-BrdU: Guinea pig anti-doublecortin (DCX;
1:1,000; catalog no. AB5910; EMD Millipore, Billerica, MA,
USA), mouse anti-neuronal nuclei (NeuN; 1:500; catalog no.
MAB377; Chemicon; EMD Millipore) or rabbit anti-glial
fibrillary acidic protein (GFAP; 1:1,000; catalog no. ab7260;
Abcam). The sections were incubated in the appropriate
secondary antibodies: Alexa Fluor 594 donkey anti-sheep IgG
(catalog no. A11016), Alexa Fluor 488 goat anti-guinea pig IgG
(catalog no. A11073) or Alexa Fluor 488 goat anti-rabbit IgG
(catalog no. A11034), all diluted 1:500 and purchased from
Thermo Fisher Scientific, Inc. (Waltham, MA, USA), prior to
immunofluorescent assessment.

Quantification. Positively stained cells were counted by an
experimenter blinded to the details of the study. The immuno-
fluorescence images of BrdU-, BrdU/DCX-, BrdU/NeuN- and
BrdU/GFAP-positive cells in the DG, and BrdU- and
BrdU/DCX-positive cells in the SVZ were visualized on a
fluorescent microscope with a 20x objective lens (Olympus
Corporation, Tokyo, Japan). The numbers of positive cells in
five sections per rat were counted with ImagelJ software version
1.48 (National Institutes of Health, Bethesda, MD, USA)
and the mean number was calculated. Only cells in which a
BrdU-positive nucleus was co-expressed with DCX, NeuN
or GFAP were deemed to be newly-formed neurons, mature
neurons or astrocytes, respectively. For analysis of dendritic
complexity, 18-20 DCX-positive cells from each section were
randomly selected and visualized using a confocal system
(Leica SP2; Leica Microsystems GmbH) with a multi-track
configuration. Dendritic length was assessed with FIJI (a
distribution of ImagelJ; www.fiji.sc/) using the Simple Neurite
Tracer plugin. Total dendritic length was assessed for each
neuron by tracing main dendritic processes extending from the
soma and their branches.

Western blotting. Western blotting was performed on day
34 following SE or EE. Hippocampal proteins of eight rats
per group were extracted using ice-cold radioimmunopre-
cipitation assay buffer (Beyotime Institute of Biotechnology,
Haimen, China), and protein concentrations were measured
using a standard Bradford assay (Beyotime Institute of
Biotechnology). Protein samples (40 ug) were separated on
10% SDS-PAGE gels at 80 V for 5 h and transferred onto poly-
vinylidene difluoride (PVDF) membranes (Beyotime Institute
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of Biotechnology). The PVDF membranes were blocked with
5% bovine serum albumin (Sigma-Aldrich) for 2 h at room
temperature prior to antibody incubation. The following
primary antibodies were used: Rabbit anti-PKA C-a (1:1,000;
catalog no. 5842), rabbit anti-pCREB (1:1,000; catalog no.
9198) and rabbit anti-CREB (1:1,000; catalog no. 9197), all
Cell Signaling Technology, Inc. (Danvers, MA, USA); rabbit
anti-BDNF (1:500; catalog no. ab108319), rabbit anti-SDF-1
(1:1,000; catalog no. ab9797) and rabbit anti-CXCR4 (1:500;
catalog no. ab197203), from Abcam; and mouse anti-f3-actin
(1:1,000; catalog no. sc-47778; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA). The secondary antibodies were horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:2,000; catalog
no. ZB2301; ZsBio, Beijing, China) and goat anti-mouse IgG
(1:2,000; catalog no. ZB2305; ZsBio). Proteins were observed
with an enhanced chemiluminescence reagent kit (Beyotime
Institute of Biotechnology). The densities of the protein signals
were quantified using Image-Pro Plus version 6.0 (Media
Cybernetics, Inc., Rockville, MD, USA).

Statistical analysis. Statistical analyses were performed using
SPSS software version 20 (IBM SPSS, Armonk, NY, USA).
Data were analyzed using the independent-samples 7-test or
repeated-measures analysis of variance. Data are presented as
the mean + standard error of the mean and P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Quantifying the proliferation and dendritic length of
newly-formed neurons in the DG. Double immunofluo-
rescence staining of BrdU and DCX (an immature neuron
maker) was conducted to examine the identity of the prolif-
erating cells. In the DG, the numbers of BrdU-positive and
BrdU/DCX double-positive cells (Fig. 1A and B) were signifi-
cantly increased in EE compared with SE rats [25.34+1.05 vs.
14.51£1.06 (P<0.001) and 15.53+0.77 vs. 7.50+0.60 (P<0.001),
respectively]. The effect of EE on apical dendritic development
was assessed by measuring the total dendritic length of the
DCX-positive cells in the DG (Fig. 1C and D). In contrast to
the SE group (330.31+8.59 um), DCX-positive cells in the
EE group exhibited a significant increase in apical dendritic
length (981.95+£51.90 um; P<0.001).

Quantifying the proliferation of newly-formed neurons in the
SVZ. As presented in Fig. 1E and F, no statistically significant
differences were observed between the EE and SE rats in the
numbers of BrdU-positive and BrdU/DCX double-positive
cells in the SVZ [232.91£19.97 vs. 201.04+21.75 (P=0.299)
and 60.93+3.07 vs. 58.29+2.43 (P=0.510), respectively].

Quantification of the differentiation and survival of the
neuroblasts generated in the DG. The differentiation of
newly-formed cells in the DG was assessed by double-staining
of BrdU and NeuN (a mature neuron marker) or GFAP (an
astrocyte marker). The long-term survival of newly-formed
neurons was determined by analysis of BrdU associated with
the neuronal marker, NeuN (Fig. 2A and B). The numbers
of BrdU-positive and BrdU/NeuN double-positive cells
were markedly increased in the EE group in comparison

2233

with the SE group [18.11£1.07 vs. 13.72+1.36 (P=0.025) and
11.54+0.80 vs. 8.67+0.78 (P=0.016), respectively]. However,
no significant differences were observed between the numbers
of BrdU/GFAP double-positive cells (Fig. 2C and D) in the SE
and EE groups (4.14+0.52 vs. 5.11+0.61; P=0.206).

Protein expression levels of PKA C-a, pCREB, BDNF, SDF-1
and CXCR4 in the hippocampus. To determine whether EE
affected the protein expression levels of PKA C-a, pCREB,
BDNF, SDF-1 and CXCR4, western blotting was conducted
on day 34 (Fig. 3A). As presented in Fig. 3B, western blot-
ting identified a significant upregulation of pCREB, BDNF,
SDF-1 and CXCR4 expression in the hippocampus following
EE; however, there was no significant difference in the protein
expression level of PKA C-a between the two groups.

Cognitive function. The Morris water maze was used to
assess spatial learning in the rats. EE rats had shorter escape
latencies [F (1,18) =8.322; P=0.010; Fig. 4A] and path lengths
[F (1,18)=6.976; P=0.017; Fig. 4B] compared with SE rats;
however, there were no significant differences in swimming
speeds [F (1,18) =0.132; P=0.721; Fig. 4C]. In the probe trial,
there was a significant increase in the number of crossings over
the previous position of the platform in the EE group compared
with the SE group (4.20+1.81 vs. 2.60+1.51; P=0.046; Fig. 4D).
These results suggested that EE rats demonstrated an improved
capacity for spatial learning when compared with the SE rats.

Discussion

The present study demonstrated that 30 days exposure to EE
increased the production and differentiation of newly-formed
neurons, as well as increasing the dendritic complexity of
DCX-positive cells in the DG of adult rats. These structural
alterations were accompanied by improved cognitive function
in an examination of spatial learning. By contrast, EE did not
activate neurogenesis in the SVZ. Furthermore, EE enhanced
the protein expression levels of BDNF, pCREB, SDF-1 and
CXCR4 in the hippocampus, which potentially contribute to
the promotion of hippocampal neurogenesis.

EE provides increased potential for physical activity and
complex social stimulation than is achieved under standard
conditions (8). In the present study, EE consisted of a large
cage with different toys, including tunnels of various shapes
for spatial exploration, a running wheel, ladders and swings
for motor stimulation, colored balls for visual stimulation,
wooden objects of various shapes and texture for sensory
perception, and a house for hiding. These toys and their
positions were changed once or twice every week to provide
a novel environment. In addition, the EE cage encouraged
social interaction, as larger numbers of rats (8-12 rats in
the present study) were housed together in wider and more
spacious cages with exploration chambers (25,26). Currently,
no accurate method to quantify environmental impact exists.
Xie et al (27) hypothesized that enrichment-induced exercise
was the common downstream effect of all enrichment factors,
including cage size, the type and quantity of toys, the number
of animals and the duration of enrichment. The physical exer-
cise of rats was recorded and measured through the distance
moved and velocity achieved, and this was demonstrated to
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Figure 1. Proliferation and apical dendritic length of newly-formed neurons in the DG and proliferation of newly-formed neurons in the SVZ. (A) Newly-formed
neurons in the DG were identified with antibodies recognizing BrdU (red) and DCX (green). White arrows indicate newly-formed neurons. Magnification,
x20. (B) Significantly increased numbers of BrdU-positive and BrdU/DCX double-positive cells were observed in the DG of rats in the EE compared with the
SE group. (C) The apical dendritic morphology of immature neurons. Magnification, x40. (D) Apical dendritic length was significantly increased in the DG of
rats in the EE compared with the SE group. (E) Newly-formed neurons in the SVZ were identified with antibodies recognizing BrdU (red) and DCX (green).
Magnification, x20. (F) No significant differences were observed in the numbers of BrdU-positive and BrdU/DCX double-positive cells in the SVZ between
the EE and SE groups. “P<0.01 vs. SE; n=6 per group. BrdU, 5-bromo-2-deoxyuridine; DCX, doublecortin; DG, dentate gyrus; SVZ, subventricular zone; SE,
standard environment; EE, environmental enrichment.
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Figure 2. Newly-formed mature neurons and astrocytes in the DG. (A) Newly-formed mature neurons in the DG were identified with antibodies recog-
nizing BrdU (red) and NeuN (green). White arrows indicate newly-formed mature neurons. (B) Increased numbers of BrdU-positive cells and BrdU/NeuN
double-positive cells were observed in the EE compared with the SE group. (C) The newly-formed astrocytes in the DG were identified with antibodies
recognizing BrdU (red) and GFAP (green). White arrows indicate newly-formed astrocytes. (D) No significant difference in the numbers of BrdU/GFAP
double-positive cells were observed between the two groups. Magnification, x20. “‘P<0.05 vs. SE; n=6 per group. BrdU, 5-bromo-2-deoxyuridine; NeuN,
neuronal nuclei; GFAP, glial fibrillary acidic protein; DG, dentate gyrus; SE, standard environment; EE, environmental enrichment.

correlate with the degree of enrichment and the enrichment  degree of enrichment-associated impact was reflected in the
impact. In addition, Walker and Mason (28) revealed that the  physical exercise of animals stimulated by EE. Therefore,
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Figure 3. Western blot analysis. (A) Representative immunoblots of PKA C-a, BDNF, SDF-1, CXCR4, pCREB and CREB in the hippocampus of rats in the
SE and EE groups. (B) Protein expression levels of pCREB, BDNF, SDF-1 and CXCR4 were increased in the EE compared with the SE group, whereas no
significant difference was observed in the expression of PKA C-a. The protein expression levels of PKA C-a, BDNF, SDF-1 and CXCR4 were normalized
to B-actin expression, and pCREB was normalized to CREB expression. "'P<0.05 vs. SE; n=6 per group. PKA C-a, protein kinase A catalytic subunit «;
BDNF, brain-derived neurotrophic factor; SDF-1, stromal cell-derived factor-1; CXCR4, CXC chemokine receptor 4; CREB, cyclic adenosine monophosphate
response element-binding protein; pCREB, phosphorylated CREB; SE, standard environment; EE, environmental enrichment.
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Figure 4. Morris water maze performance of rats in the SE and EE groups. (A) Escape latency and (B) path length were significantly reduced in EE compared
with SE rats. (C) No significant differences were observed in swimming speed between the two groups. (D) In the probe trial, performed following the final
water maze test, there was a significant increase in the number of crossings over the previous position of the platform in the EE group compared with the SE
group. "P<0.05 vs. SE; n=10 per group. SE, standard environment; EE, environmental enrichment.

measuring the enrichment-induced exercise of animals may
allow quantification of the environmental impact; therefore,
this will be performed in any of our future studies. In the
present study, the abundant inanimate and social stimulations
had a distinct effect on physical exercise, which is known to be
beneficial to the central nervous system (29), and the rats with
EE performed more enrichment-induced exercise compared
with SE rats. The results of the present study are consistent
with previous reports that adult rats exposed to EE exhibit
improved cognitive functions (12,30,31). Although the under-
lying mechanisms remain to be elucidated, it is possible that

cognitive improvements associated with EE in the normal brain
are associated with the enhanced neural plasticity occurring at
various levels in the brain. The evidence for enhanced neural
plasticity includes neurogenesis, multiple structural changes,
increases in neurotrophic factors, and essential proteins and
genes involved in neuronal plasticity, as well as alterations in
neurotransmitters and receptors (11,12,32).

Previous reports have consistently demonstrated that hippo-
campal neurogenesis is enhanced by EE. The newly-formed
neurons become integrated into the pre-existing hippocampal
circuitry and contribute to hippocampal function, at least



2236

to a certain extent (12,33). However, whether EE alters the
differentiation and survival of newly-formed cells remains
controversial. Madronal er al (30) observed no differences
between EE and SE mice in the numbers of BrdU/NeuN
double-positive cells in the DG. By contrast, provision of EE to
guinea pigs in the early postnatal period increased cell prolif-
eration and survival, with greater numbers of cells exhibiting a
neuronal phenotype compared with controls (34). In the present
study, increased numbers of BrdU/NeuN double-positive cells
were observed in the DG of the EE, compared with the SE,
group; however, no differences were identified in the numbers
of BrdU/GFAP double-positive cells between the two groups.
Taken together, these results indicate that EE promoted the
differentiation of newly-formed cells into neurons rather than
astrocytes and enhanced the survival of these novel neurons
in the DG.

Previous studies have reported that odor enrichment i.e. an
environment in which there are changing sources of odor each
day, effectively improved olfactory discrimination learning and
enhanced olfactory bulb neurogenesis (35-37). The primary
consequences of olfactory stimulation on neurogenesis were
the enhanced proliferation and survival of newly-formed
cells (35). In support of this, it has been demonstrated, by
comparing anosmic and wild-type mice, that a specific
sensory input is critical for the survival of newly-formed
lateral ventricle wall/olfactory bulb neurons (38). The marked
differences between the SVZ and DG regarding the spatial
distribution of the components of their neurogenesis systems
may explain why neurogenesis in the SVZ was unaffected by
EE in the present study.

There is convincing evidence that PKA/CREB are impor-
tant in numerous features of neuronal plasticity, including cell
proliferation, differentiation, survival and learning (39,40).
Certain genes containing cAMP-response element sequences
in their promoter regions, particularly BDNF, have been associ-
ated with promoting neurogenesis and long-term memory (14).
Therefore, the roles of BDNF, pCREB and PKA as mediators
of the effects of EE on neurogenesis were evaluated in the
present study. It was observed that the activation of BDNF
and pCREB protein may link neurogenesis and cognition in
EE rats. However, the effect of EE on PKA-linked parameters
remains to be elucidated. It has been reported that EE modified
the PKA-dependence of hippocampal long-term potentia-
tion and improved hippocampus-dependent memory (41). By
contrast, the provision of EE for 30 days in the early postnatal
period did not alter immunoreactivity to PKA in the hippo-
campus (42). In the present study, no significant alterations in
PKA C-a protein expression levels were observed, suggesting
that the pCREB protein expression level increase following
EE may be due to signaling pathways that do not involve
PKA. Furthermore, it was demonstrated that provision of EE
for 30 days enhanced the protein expression levels of SDF-1
and CXCR4 in the hippocampus; previously, these factors
have been implicated in various processes of neurogenesis,
including proliferation, differentiation and survival, via
stimulation of a cAMP-mediated signaling pathway (43,44).
In addition, EE may increase the production of nerve growth
factor (45) and induce the expression of the neural cell adhe-
sion molecule (46), which are associated with neurogenesis in
the DG. EE has been demonstrated to buffer stress-induced
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damage in the hippocampus by enhancing the expression of
the gene encoding glucocorticoid receptors (47). Thus, it is
likely that pCREB, BDNF and SDF-1/CXCR4 are involved in
mediating the neuroprotective properties and cognitive effects
associated with EE.

In conclusion, the results of the present study demonstrate
that EE treatment effectively improved cognitive function
and enhanced neurogenesis in the DG of adult rats, which
may explain certain effects of EE. The increased protein
expression levels of pPCREB, BDNF and SDF-1/CXCR4 in the
hippocampus may be associated with these beneficial effects.
These results may improve understanding of the effects of
environment on the brain and provide a theoretical basis for
promoting the use of EE in animal facilities.
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