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Abstract

Environmental enrichment (EE) is being introduced at increasing levels into laboratory animal programs and is being applied to
species (e.g. rodents) other than non-human primates, for which it is currently required by law.  However, there has yet to be
sufficient objective data regarding the impact of EE on various psychological and physiological parameters.  The studies
described herein investigated the effect of EE on the immune response to and pathogenicity of herpes simplex virus type 1
(HSV-1) infection in both group- and single-housed mice.  C57BL/6 male mice were intranasally infected with HSV-1.  Levels of
serum corticosterone (CORT) were determined in EE and non-enriched (NE) mice that were either group- or single-housed,
both pre- and post-HSV-1 infection.  HSV-specific CD8+ T cell number and function was evaluated at 7 days post-infection.  We
determined that, at least in our model, EE did not have a significant effect on the levels of serum CORT in either single- or
group-housed mice.  However, the impact of EE on the number and function of HSV-specific CD8+ T cells varied depending on
how the mice were housed and the lymph nodes in which the immune response was assessed.  Overall, these studies support
the hypothesis that enrichment devices may serve as an additional variable that must still be considered in the design of an
experimental study.  However, the use of enrichment devices should not be automatically excluded from routine animal
husbandry because of the many benefits of providing an animal with an environment which allows them to exhibit species-
specific behavior.

List of acronyms and nonstandard abbreviations used in the manuscript and their definitions:

CLN      superficial cervical lymph nodes

CORT   corticosterone

CTL       cytotoxic T lymphocytes

EE         environmental enrichment or environmentally enriched

HSV      herpes simplex virus

MLN      mediastinal lymph nodes

NE         non-enriched

INTRODUCTION

EE is defined as any modification in the environment of
captive animals that seeks to enhance their physical and
psychological well-being by providing stimuli that meet
their species-specific needs.  In 1949, Donald O. Hebb, a
psychologist and the father of neuropsychology and neural
networks, discovered by accident that animals which
experience enriched housing outperform, in learning and

memory tests (e.g. Hebb-Williams maze test)8,30, those
animals that are in non-enriched housing.  Based on this
finding, EE has been used as a research tool to understand
how spatial learning molds the brain.  EE has since evolved
to now include its use to promote animal welfare and the
enhancement of their environment.

There are five principle goals of EE as described by
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Chamove and Shepherdson15,54.  These goals are to:  (1)

promote species-specific positive behavior20,21,34, (2) prevent

abnormal or stereotypical behaviors2,37, (3) increase an

animal’s positive utilization of its environment47,50,64, (4)
increase an animal’s ability to cope with challenges in a

more normal way24,31,65, and (5) complement experimental
outcomes by decreasing variability and increasing post-

procedural recovery20,58,59.  Despite the many reports of the
benefits of EE, there are still some conflicting viewpoints on
the necessity of enrichment.  For example, some researchers
feel that EE is not essential to animal welfare and that it may
compromise the validity of experiments by hampering
environmental standardization, interfering with experimental

outcome, increasing the variability of the data26, as well as

increasing aggressive behavior in male mice5.  However
within the past decade, EE has been shown to benefit
laboratory animal medicine and research by decreasing
aggression, anxiety, fear, and excitability as well as

enhancing learning performance and brain function2,4,5,7,26,33

and post-operative recovery20.  Others have shown that
enrichment has no harmful effects.  A number of preference
experiments suggest that readily available materials such as

tissue or paper towels fulfill the requirements of mice4,26,59,60. 
These enrichment devices encourage animals to perform
species-specific behavior which, in turn, decreases stress and
improves animal welfare.

Stress is the condition that results when any agent or demand
is placed upon the body that leads to the individual
perceiving a discrepancy, whether real or not, between the
demands of a situation and the resources of the individual’s

biological, psychological, or social systems52.  Psychological
stress can influence immune function and alter the
pathophysiology of infection.  Chronic activation of the
hypothalamic-pituitary-adrenal (HPA) axis causes
deterioration in general health and aggravates existing

diseases48.  If the immune system is already impaired or
weakened, stress can increase one’s risk of becoming ill. 
The changes in the immune response that have been linked
to psychological stress include innate immunity (e.g. natural
killer cells) and specific T and B lymphocyte functions

including specific reactions against infectious agents13,33,55. 
Chronic stress, as a result of adverse housing conditions, can
affect the animals and, in turn, affect the research.  Reports
from both objective investigations as well as from anecdotal
information suggest that EE decreases stress and that the use
of a non-stressed animal results in less confounding
variables in research data.

The main index that is used to measure stress levels in mice

is plasma/serum corticosterone (CORT).  Meijer42 examined
the effects of EE and handling on the acute physiologic
stress response caused by short periods of restraint.  The
results of these studies indicate that EE and handling
increases the stress response but facilitates the recovery of
plasma corticosterone as CORT levels measured 90 min
after restraint were lower in enriched groups than in non-
enriched groups.  Several other investigators have shown
that EE attenuates or decreases stress as evidenced by

decreased CORT levels7,35,39.  Chamove16, Hennesy31, and

Van Loo61 all demonstrated that the addition of EE to a
mouse cage resulted in a decrease in stress.  Since animals
under chronic stress are generally considered to be
inappropriate research subjects, the studies described in this
paper investigated if the presence of EE decreases signs of
stress in mice as measured by serum CORT levels. 

Benaroya-Milshtein7 observed that EE has a beneficial effect
on anxiety-like behavior (grip-strength test, staircase and
elevated plus maze test), stress response (CORT levels) and
natural killer cell activity (cytotoxicity assay).  They
concluded that EE mediated a significant improvement in the
outcome of immunotherapy in their experimental model of B
cell lymphoma.  Non-enriched animals also have been
shown to have a higher proliferative response to
concanavalin A, a lymphocyte mitogen, than do enriched

mice39.  The author of this latter study suggested that
enrichment and housing density were important factors that
influence immune responses and in response to exercise
stress.

Stress is known to decrease host-resistance to pathogenic

microorganisms17.  An established murine model system of
herpes simplex virus (HSV) infection has been used to
demonstrate that stress decreases cellular immune response

to HSV infection and increases viral pathogenicity12,13,44. 
These studies have defined the mechanisms underlying
stress-associated neuroendocrine interactions with the
immune system and how these interactions may contribute
to the pathogenesis of HSV infection.  These studies focused
on the stress-associated activation of the hypothalamic-
pituitary-adrenal (HPA) axis and the sympathetic nervous
system and the role of both in modulating the activation and
function of both primary and memory HSV-specific
cytotoxic T lymphocytes (CTL).  Other studies have
demonstrated that housing conditions, stress, and enrichment
conditions can both enhance and suppress various immune

responses39.  For example, Kingston showed that EE reduces
the large oscillations in immune reactivity and/or shortens
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the period of recovery from acute stress.  Endocrinological
stress responses have been shown to have
immunosuppressive effects and thus may lead to increased

susceptibility to disease63.  Therefore, the studies described
herein are particularly important for laboratory animal
medicine in that it will add to our understanding of the
influence of environment on the susceptibility to and
pathogenesis of a variety of rodent pathogens that are
immunologically resisted.

The implementation of EE as a part of routine husbandry to
this point has been based primarily, on trial-and-error,
general observations, anecdotes, and published best
practices.  Thus, the recommendations provided are often
conflicting and often provided with little thought given to
how the EE may influence the experimental outcome.  In
particular, few objective studies have been conducted to
determine the effects of EE on the immune system.  The
ability of environmental enrichment to reduce stress may
enhance the immune response to a pathogen.

The objective of the present investigation was to determine
the effect of EE on the immune response to, and the
pathogenicity of HSV-1 infection in both group- and single-
housed mice with enriched or non-enriched environments. 
Our hypothesis was that environmental enrichment (EE)
would decrease stress, thereby enhancing the murine
immune response to HSV infection and, in turn, decreasing
the HSV-associated pathogenesis in both the peripheral
lymphoid tissues and central nervous system.

MATERIALS AND METHODS

Animals.  A total of 72 five- to six-week old C57BL/6 male
mice (The Jackson Laboratory, Bar Harbor, ME) were used
for the study.  Following their arrival at Penn State Hershey,
mice were allowed to recover from the transport-associated
stress for five days after which time they were assigned to
the experimental groups as described below.  Mice were
housed either singly or in groups of four in standard 29 cm x
19 cm x 13 cm polycarbonate cages containing either an
enriched or non-enriched environment as described below. 
These cages were placed in isolation cubicles in a biohazard
facility.  Due to the low level of both investigator and animal
caretaker traffic that is associated with this particular
facility, the mice were provided with a relatively low-stress
environment throughout the duration of the study.  Mice
were allowed to acclimate to these conditions for seven days
before any experimental procedures were performed.  All
mice were housed in a temperature-controlled environment

(21 ± 0.5°C) with a 12 hour:12 hour light:dark cycle with no
twilight (lights on at 0700-1900; lights off at 1900-0700). 
Food (2018 Global Rodent Diet, Harlan Teklad,
Indianapolis, IN) and water were provided ad libitum. 
Corncob bedding (¼”) (7092 Harlan Teklad) was used as
contact bedding in all cages.  Environmental enrichment was
provided for both group- and single-housed mice by red-
tinted transparent polycarbonate mouse igloos, 2 1/4” tall x 4
1/8” diameter (Bio-Serv, Frenchtown, NJ) and tunnels, 3
7/8” long, 2” inside diameter (Bio-Serv).  The tunnels were
suspended from the lid of the cage using stainless steel
hangers so as not to decrease the amount of usable floor
space.  All animals were handled in accordance with the
Guide for the Care and Use of Laboratory Animals and
approved by the Penn State Hershey Institutional Animal
Care and Use Committee (IACUC).

HSV-1 Preparation and Infection of Mice.  HSV-1 strain
McIntyre was prepared by infection of Vero cells at a
multiplicity of infection of 0.01.  Viral titers were assessed
by plaque assay on Vero cells and viral stocks were stored at
-70°C.  Six- to eight-week old male mice were anesthetized
with isoflurane following 7 days of acclimation in either an
enriched or non-enriched environment.  All mice were
infected with 1 x 107 plaque forming units (PFU) of HSV-1
McIntyre.  A volume of 23 μl was administered into the
nostrils alternating between both nostrils until the entire
volume was given.

Blood Collection.  Blood (200 ml) was collected by the
retro-orbital route in isofluorane-anesthetized mice at the
time of virus inoculation (Day 0).  Blood was transferred to
Eppendorf tubes and placed on ice for at least 30 minutes to
allow clotting to occur.  All blood samples were centrifuged
at 16,000 x g for ten minutes and serum was collected and
stored at -70°C.  All mice were bled at 0900 to eliminate the
confounding variable of circadian rhythm on corticosterone
levels.  On Day 7 following virus inoculation, mice were
anesthetized with sodium pentobarbital (80 mg/kg,
intraperitoneal) and exsanguinated via cardiac puncture.  At
the time of euthanasia, nasal washes were collected to
determine the extent of HSV-1 colonization of the nasal
passages.  The superficial cervical lymph nodes (CLN),
mediastinal (MLN) lymph nodes, and brains were also
collected for further analysis.

Quantitation of Corticosterone.  The levels of serum
corticosterone were determined using a radioimmunoassay
(RIA) kit (MP Biomedicals, Costa Mesa, CA).  These levels
were calculated using a standard curve generated from
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standards containing 0-1000 ng/ml of corticosterone.

Determination of HSV Colonization and Virus
Replication.  Following euthanasia, jaw muscles were
severed and the mouse was secured to a dissection board
with pins by the jowls.  A 10-gauge scalpel blade was used
to cut the palate along the tooth line.  The palate was grasped
with forceps and peeled away from the incisors toward the
molars.  200 µL PBS/1%FBS were pipetted in and out of the
nasal cavity 10 times.  This step was repeated four times
resulting in a total of 1 ml of nasal wash which was then
placed into Eppendorf tubes.  Nasal wash samples were
frozen/thawed three times in a 95% ethanol/dry ice slurry,
sonicated, and centrifuged at 16,000 x g for ten minutes. 
Supernatants were then transferred to new Eppendorf tubes. 
The levels of HSV in these samples were determined using
standard plaque assay.  Briefly, Vero cells were grown to
90-100% confluency in 60 mm2 tissue culture plates. 
Various dilutions (prepared in PBS containing 1% [v/v] fetal
bovine serum) of the supernatants  were added to duplicate
wells containing Vero cell monolayers and allowed to
incubate at 37°C for one hour.  At the end of this one-hour
incubation, methylcellulose overlay media was added to
each well.  The cells were then allowed to incubate at 37°C
for 4 days.  The overlay media was removed and the cells
were then stained with 0.5% (w/v) crystal violet/5% (w/v)
formaldehyde to visualize the plaques for counting.  The
plaques were counted and the concentration of virus in the
supernatants was calculated and expressed in terms of plaque
forming units (pfu)/ml.

Isolation of Cells from Lymph Nodes.  Superficial cervical
and mediastinal lymph nodes were removed and placed in
Iscove’s-modified Dulbecco’s media (IMDM; Invitrogen,
Carlsbad, CA) supplemented with 10% (v/v) fetal bovine
serum (FBS), 50 mM 2-mercaptoethanol, 2 mM glutamine,
100 U/ml penicillin, and 100 mg/ml streptomycin sulfate. 
Lymph nodes were mechanically dissociated by passage
through a 70 mm nylon cell strainer (BD Biosciences, San
Jose, CA) and the resulting cell suspension was washed with
supplemented IMDM.  The number of viable cells was
determined by trypan blue dye exclusion.

Collection of Brains to Determine the Extent of HSV
Colonization and Replication.  The brains were collected
in 5 ml snap cap tubes and stored at -70°C.  DNA from the
brain was purified using a DNeasy Blood & Tissue Kit
(Qiagen).  The samples were lysed using proteinase K. 
Buffering conditions were adjusted to provide optimal DNA-
binding conditions and the lysate was loaded onto a DNeasy

MINI spin column.  During centrifugation, DNA is
selectively bound to the DNeasy membrane as contaminants
pass through.  The remaining contaminants and enzyme
inhibitors were removed in two efficient wash steps and
DNA was then eluted in buffer.  The extent of DNA
amplification was then viewed via real-time PCR.

Synthetic Peptides.  Synthetic peptides corresponding to the
HSV-1 CTL recognition epitope gB498–505 (SSIEFARL)12
and ovalbumin amino acid residues 257-264 (OVA257-264;
SIINFEKL) were synthesized at the Macromolecular Core
Facility of the Milton S. Hershey Medical Center by FMoc
chemistry using an automated peptide synthesizer (9050)
MilliGen PepSynthesizer.  The purity and amino acid
composition of each peptide was determined by HPLC
tracing (Waters, a division of MilliGen).  Peptide stock
solutions were prepared by solubilizing the lyophilized
peptides in dimethyl sulfoxide (DMSO) and adjusting the
concentration to 1 mM with non-supplemented RPMI 1640
medium.

Quantification of Lymphoid Cell Subsets by Cell Surface
Marker Expression and Tetramer-Binding Specificity. 
Flow cytometric analysis of cell surface markers was

determined as described previously3,44,66 with slight
modifications.  Briefly, CD16/CD32 Fca receptors on
isolated mononuclear cells were blocked with antibody in a
2.4G2 hybridoma cell culture supernatant supplemented with
20% (v/v) mouse serum (Sigma)3.  Cell surface expression
of CD8 was detected using APC-labeled anti-CD8 antibody
(clone 53-6.7; eBioscience).  For the detection and
quantification of gB498-505 epitope-specific T lymphocytes,
cells were incubated with a PE-labeled tetramer that was
prepared as described previously1 and was provided by the
National Institute of Health tetramer facility.  This tetramer
detects the H-2Kb-restricted, gB498-505-specific T cell

receptor complex10, which has previously been described as
the immunodominant epitope in C57BL/6 mice12,29. 
Following washes with FACS buffer (PBS supplemented
with 1% [v/v] FBS, 0.02% [w/v] sodium azide), cells were
resuspended in 2% (w/v) paraformaldehyde (prepared in
PBS) prior to analysis by flow cytometry.

Intracellular Cytokine Staining for IFN-γ.  The lymph
node-derived lymphocytes were isolated as described above
and incubated with 1 µM of gB498-505 peptide for 2 hours
at 37ºC in supplemented IMDM.  Cells were treated with
brefeldin A (Sigma) (final concentration of 5 µg/ml) to
prevent the secretion of cytokines and incubated for an
additional 4 hours at 37ºC.  Cells were then washed twice
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with FACS buffer and the CD16/CD32 Fc g receptors
blocked with 2.4G2 cell culture supernatant supplemented
with mouse serum as described above.  To identify CD8+ T
lymphocytes, cells were incubated with anti-CD8 APC
antibody.  Following staining for CD8, cells were fixed in
2% (w/v) paraformaldehyde and incubated at room
temperature and in the dark for 20 minutes.  Cells were then
washed twice with FACS buffer and incubated with anti-
IFN-g FITC antibody (clone XMG1.2; eBioscience) diluted
in 0.5% (w/v) saponin (Sigma) prepared in FACS buffer. 
Subsequently, cells were washed twice in 0.5% saponin,
resuspended in 2% paraformaldehyde, and analyzed by flow
cytometry.

Flow Cytometry Analysis.  Flow cytometric analysis was
conducted using a FACSCalibur and FACSCanto flow
cytometer (Becton Dickinson, San Diego, CA).  Using
forward-angle light scatter and 90° light scatter profiles,
electronic gates were set around the live cells and at least
50,000 events were collected per sample.  Dot plots and
histograms were analyzed using FlowJo Software (TreeStar,
Inc.; Ashland, OR).  The total number of cells per sample
was determined as follows: [percentage of specific cell type
in sample] x [number of viable cells in sample].

Data Analysis.  Statistical significance was determined by
unpaired t-test using StatView 5.0.1 software (SAS Institute
Inc, Cary, NC).  Comparisons between groups were
performed and p values < 0.05 were considered significant.

RESULTS

1.   Experimental Design

The Guide for the Care and Use of Laboratory Animals27

states, “It is desirable that social animals be housed in
groups; however, when they must be housed alone, other
forms of enrichment should be provided to compensate for
the absence of other animals.”  Since group-housing is
considered to be a form of enrichment, we wanted to
determine if single housing would result in higher stress
levels (as measured by CORT) and a lower HSV-specific
immune response as compared to group-housed mice.  We
also wanted to determine if the enrichment devices could
lower stress levels as measured by a reduction in the levels
of CORT.

We developed a model to determine the impact of EE on
both the level of stress and the immune response to HSV
infection in both group-housed (4 mice/cage) and single-
housed mice.  Upon their arrival, mice were placed into

either group- or single-housing conditions and allowed to
acclimate to these conditions for five days.  Following this
acclimation, EE, consisting of both an igloo and a suspended
tunnel, was added to one-half of the cages in each of the
housing conditions.  Following 7 days in either the enriched
or non-enriched environment, mice were bled retro-orbitally
and infected intranasally with HSV-1.  At 7 days post-
infection, mice were bled once again and euthanized via an
overdose of sodium pentobarbital.  The brains and nasal
washes were collected and assessed for virus titers; the CLN
and MLN were collected and assessed for HSV-specific
immune function, and the serum collected on both this day
and on the day of infection was assessed for levels of
corticosterone as described in the Materials and Methods.

2.   The impact of single/group housing, environmental
enrichment, and/or HSV infection on serum corticosterone
levels.

Given that CORT is the principle indicator of stress in

mice61, we measured serum CORT levels in an attempt to
determine the impact of EE on the degree of stress exhibited
by mice in both group-housed and single-housed conditions,
both pre- and post-HSV-1 infection.  We hypothesized that
EE would decrease levels of stress in both group-housed and
single-housed mice.

As is illustrated in Figure 1A, providing EE enrichment to
the group-housed mice either prior to HSV infection or after
HSV infection did not alter the CORT levels.  Interestingly,
the level of CORT in EE group-housed mice after HSV
infection were significantly lower (p = 0.002) than EE
group-housed mice prior to HSV infection.  Although not
statistically significant, there was a trend (p = 0.130) for NE
group-housed mice to have lower levels of CORT than NE
group-housed mice prior to HSV infection.

As was stated earlier, group housing alone may be
considered to be a form of enrichment for mice.  Therefore,
it was important to determine if single housing would in
higher levels of serum CORT and, if so, determine if EE
could reduce these CORT levels.  As is illustrated in Figure
1B, there were no significant differences in CORT levels
between the single-housed EE and NE mice either pre- or
post-HSV infection.  There were also no difference in the
level of CORT between single-house and group-housed mice
under any conditions.

3.   The impact of single/group housing and environmental
enrichment on the generation of CD8+ HSV-1 gB498-505+
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cells in the CLN of HSV-1 infected mice.

In rodents, the immune response to intranasal pathogens
occurs within the nasopharyngeal-associated lymphoid tissue
(NALT) and the lymph nodes that drain the upper and lower

respiratory tract32,59.  Specifically, the CLN drain the upper
respiratory tract and nasal cavity, and the MLN drain the
lower respiratory tract.  Both sets of lymph nodes have
previously been shown to contain HSV-specific CTL in
response to intranasal HSV-1 infection.  The vast majority of
these CTL in C57BL/6 mice recognize the HSV-1
gB498-505 immunodominant peptide in the context of the

H-2Kb MHC class I molecule12.

Using the experimental approach described above, both
single-housed and group-housed mice living in either EE or
NE conditions were infected intranasally with HSV-1. 
Seven days later, lymphoid cells obtained from the CLN
were stained with an APC-labeled anti-CD8 antibody and a
PE-conjugated gB498-505 tetramer and analyzed using flow
cytometry.  All comparisons were made to the NE group
(control group) which was arbitrarily designed a value of
100%.  Expressing this data as the percent of control was
required as the data represents pooled data from three
independent experiments (n = 4 mice per group per
experiment).  As is illustrated in Figure 2, neither group-
housed mice (Figure 2A) nor single-housed mice (Figure
2B) living in EE conditions exhibited any differences in the
percentage of CD8+ gB498-505+ cells as compared to NE
controls.

4.   The impact of single/group housing and environmental
enrichment on the generation of CD8+ HSV-1 gB498-505+
cells in the MLN of HSV-1 infected mice.

Although HSV was delivered into the upper respiratory tract
of the mice used in this study, HSV is able to spread to and
infect the lower respiratory tract where it stimulates an
immune response in the mediastinal lymph nodes. 
Therefore, it was important for us to also determine the
impact of EE on the frequency of lymph-node-derived CD8+
gB498-505+ cells in the MLN.  The MLN-derived lymphoid
cells were stained with anti-CD8 APC antibody and PE-
conjugated gB498-505 tetramer and analyzed using flow
cytometry as for the CLN-based studies described above. 
Mice exposed to EE demonstrated significantly fewer (p =
0.016) CD8+ gB498-505+-specific cells than did the mice in
the NE environment.  Although not statistically significant,
there was a trend (p = 0.170) for EE single-housed mice to
have higher levels of CD8+ gB498-505+-specific cells than

NE single-housed mice (Figure 3B).

5.   The impact of single/group housing and environmental
enrichment on the generation of CD8+ IFN-γ+ cells in the
CLN of HSV-1 infected mice.

To further delineate the effects of EE on the HSV-specific
cellular immune response in the draining lymph nodes, we
determined the percentage of CD8+ IFN-γ+ cells in the
lymphocytes derived from the CLNs.  Determining the
percentage of functional CD8+ T cells as measured by their
ability to produce IFN-γ is important given the number of
roles that IFN-γ plays in the overall immune response and, in
particular, the defense against HSV infection.  As is
illustrated in Figure 4A, EE administered to group-housed
mice had no effect on the number of CD8+IFN-γ+ cells in
the CLNs as compared to the NE group-housed mice. 
Similarly, EE administered to single-housed mice had no
effect on the number of CD8+IFN-γ+ cells in the CLNs as
compared to the NE single-housed mice (Figure 4B).

6.   The impact of single/group housing and environmental
enrichment on the generation of CD8+ IFN-γ+ cells in the
MLN of HSV-1 infected mice.

As is illustrated in Figure 5A, there were no difference in the
percentages of CD8+IFN-γ+ cells in the MLN of EE group-
housed mice as compared to NE group-housed mice. 
Although not statistically significant, there was a trend (p =
0.194) for EE single-housed mice to have an increased
percentage of CD8+IFN-γ+ cells in the MLNs relative to the
NE control (Figure 5B).

DISCUSSION

To date, the use of EE has been based on trial-and-error,
general observations, anecdotes, and/or recently published
practices.  Thus, recommendations as to whether or not
environmental enrichment should be provided to research
animals are often conflicting.  The studies described herein
have attempted to objectively evaluate the effect of EE on
stress levels, as measured by serum corticosterone, and the
immune response to a clinically relevant pathogen (HSV-1),
as measured by HSV-specific CD8+ T lymphocyte number
and function.  These studies were performed in both group-
and single-housed mice under carefully controlled
experimental conditions.  The findings presented are
particularly important for the field of laboratory animal
medicine in that they add to our understanding of the
influence of environment on the susceptibility to and
pathogenesis of a variety of rodent pathogens that are
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immunologically resisted.

We were initially concerned that the addition of EE to
group-housing conditions would result in the mice struggling
to determine who would control the use of the EE devices,
and thus leading to aggression, stress, and increased CORT
levels.  However, as is illustrated in Figure 1A, this did not
appear to be the case either pre- or post-HSV infection. 
These findings concur with those of other studies which
have demonstrated that EE does not increase levels of

psychological stress15,31,61.  In fact, there have been some
reports that EE actually decreases CORT levels in group-

housed mice7,30,34.  This decrease in CORT may be attributed
to reduced stress levels, alteration in dominance hierarchy,
and/or decrease in aggression.  Our contrasting finding that
EE did not alter CORT levels in group-housed mice may be
a function of either the type of enrichment provided or the
extent of enrichment provided per cage.  Perhaps if only one
of the enrichment devices was added per cage and/or the
number of mice per cage had been greater than four, the
added enrichment per cage would have resulted in differing
levels of corticosterone between the EE and NE groups.  We
had also hypothesized that single-housed NE mice would
experience higher levels of CORT than their single-housed
EE counterparts.  However, this finding was not observed
(Figure 1B).  It is possible that the components of the single-
housing conditions alone provided an enriched environment. 
For example, the corncob bedding as well as areas under the
food bin and water bottle may have provided some level of
enrichment that could not be further enhanced by the
presence of the igloo and tunnel in each cage.

Interestingly, HSV-infection of the group housed mice,
regardless of enrichment status, resulted in lower levels of
CORT (Figure 1A).  This finding may be due to the body’s
homeostatic response to the infection by down-regulating
HPA axis activity in an attempt to mount for a stronger
immune response in hope of clearing the infection. 
Although not statistically significant, there appeared to also
be a trend toward lower levels of CORT in the HSV-infected
single-housed mice (Figure 1B).  Although glucocorticoids
such as corticosterone are generally thought to be
immunosuppressive under conditions of stress, it is
important to realize that they also play a role in role in
regulating immune function under non-stress conditions.

It is important to note that at no time were any of the
corticosterone levels above the baseline levels (< 100 ng/ml)
that are typically seen in non-stressed, C57BL/6 male mice
(Figure 1A and 1B).  This finding confirms that the

environmental conditions in which the mice were housed
were well-controlled, thus minimizing the extent of housing-
related stress and, in turn, minimizing the levels of CORT. 
Thus, it is possible that under non-ideal conditions (e.g.
constant and/or intermittent animal room noise, investigator
traffic, cage-changing at or near the times of blood
collection) the use of enrichment devices would have
resulted in lower levels of CORT.  Given that the levels of
CORT in the present studies were already low may have
made it physiologically impossible for EE to achieve
corticosterone levels that were any lower than what was
observed.

The magnitude of the immune response that occurs in
response to any infectious pathogen is critical for mounting a
successful defense against the development of disease.  Our
use of a well-established intranasal model of HSV infection
in these studies provides insight into the impact of EE and
stress on not only the immune response to HSV but also the
immune response to other pathogens that are cleared by
mucosally-based immune defense mechanisms.  Our finding
that EE did not affect the number (Figures 2A and 2B) and
function (Figures 4A and 4B) of HSV-1 gB498-505-specific
CD8+ T cells generated in the CLN was not surprising given
that the CLN were removed 7 days post-infection, a time
when the immune response in these lymph nodes may have
already stabilized or even began to wane.  It is possible that
an assessment of this response at an earlier time following
infection would have resulted in different findings.

Many of the commonly acquired, respiratory-based
infections are able to readily spread from the upper
respiratory tract to the lower respiratory tract.  As a result,
the draining lymphoid tissues in which a local immune
response occurs can vary both spatially and kinetically. 
Previous studies have shown that an experimentally-induced
intranasal HSV infection in mice results in CD8+ T cell-
based immune response in the MLN.  Taking advantage of
this knowledge, we also assessed the immune response in the
MLN.  Our finding that EE group-housed mice exhibited
significantly fewer HSV-1 gB498-505-specific CD8+ T cells
(Figure 3A) and a trend toward fewer HSV-1 gB498-505-
specific CD8+ T cells with IFN-g-producing function
(Figure 5A) lends itself to a variety of interpretations.  For
example, one may initially assume that this finding is due
solely to a diminished immune response.  However, this
finding may be due to a lower level of HSV-1 spread into the
lower respiratory tract and thus a lower antigenic load to
stimulate a MLN-based immune response.  It is possible that
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the lower level of CORT exhibited by these group-housed
EE mice (Figure 1A) resulted in a stronger immune response
in the upper and/or lower upper respiratory tract — an
immune response that was sufficient to decrease the extent
of viral replication, resulting in an infection of a lesser
magnitude in the lower respiratory tract.  Despite our finding
that group-housed EE mice did not exhibit an increased
CD8+ T cell-based immune response in the cervical lymph
nodes, it is important to realize that there are many other
components of both the innate and adaptive immunity that
may play a role in the clearance of an HSV infection in the
upper respiratory tract.  Although we were not able to detect
any virus in either the nasal washes via plaque assay (data
not shown), it is possible that either the infection was cleared
by day 7 post-infection or that the efficiency of the plaque
assay technique was too low to detect the relatively small
amounts of virus that may have been present.  We were also
unable to detect any virus in the brain as determined by real-
time (RT-PCR).  These latter findings provide support for
the hypothesis that the mice mounted an adequate local
(intranasal) immune response to viral infection.

In contrast to the EE group-housed mice, EE single-housed
mice showed a trend toward greater numbers of both HSV-1
gB498-505-specific CD8+ T cells (Figure 3B) and HSV-1
gB498-505-specific CD8+ T cells with IFN-g-producing
function (Figure 5B).  It is difficult to attribute these greater
numbers strictly to either an inherent increase in overall
immunocompetence or to a greater antigenic load in the
lower respiratory tract.  However, an intriguing explanation
for this finding is that the lack of social contact in singly-
housed mice, which itself is considered a form of
enrichment, may result in a less than optimal immune
response that can be enhanced under EE conditions.

Each set of data presented herein is based on a sample size
of twelve mice per group pooled from three independent
experiments.  The degree of variability within some of the
data was somewhat higher than expected and may be
responsible for some of the comparisons between groups not
being statistically significant (p < 0.05) but rather only a
trend toward significance (0.20 > p > 0.05).  Our expected
variability was a function of using an inbred strain of mouse
(C57BL/6) in which each mouse was genetically identical. 
However, it has been well established that there are
individual differences in a variety of physiological and
behavioral traits even within inbred strains of mice.  Thus
such differences could account for the variability that was
observed.  It is also important to point out that there are

many immune-related steps that must function in a well
organized fashion to result in efficient antigen-specific T cell
activation, expansion, and function.  As is noted above, the
degree of antigenic load is also a critical factor in the
magnitude of an immune response.  Thus, an alteration in
even just one of these immune- or virus-related factors can
have significant effects on the magnitude of the T cell
response.

Although our studies provided what we thought was an
increased enriched environment in the form of an igloo and a
tunnel, it is possible that the housing of these mice in
standard cage environment is sufficiently enriched.  Rather
than providing EE, it would be interesting to determine the
impact of removing all probable forms of enrichment on
CORT levels and immune function.  For example, by
shifting group- and single-housed mice from a standard cage
environment to one with no bedding, no lid on which to
climb, no areas in which to “hide” (e.g. a cage with no
corners, food bin, or water bottle), we would expect that
CORT levels to rise and immune function to be less than
robust.  It would also be interesting to determine if cage-
based enrichment can counter the effects of others stressors
(e.g. noise) that are inherent to many laboratory animal
facilities.  Although the studies described herein focused
exclusively on the primary T cell response, it is important to
determine the impact of EE on the development and function
of HSV-specific memory CTL – a lymphoid population that
we have extensive evidence of playing a critical role in
limiting the extent of recurrent HSV infection.  There may
also be gender-related and strain-related differences in their
response to enriched/non-enriched environments and
immune function that will need to be evaluated as well.

The studies described herein illustrate the difficulty in
assessing the true impact of EE on immune function.  Even
under the best of controlled conditions, there are still a
number of variables for which one is unable to account. 
Although our studies were designed to evaluate a pathogen-
specific immune response using state-of-the-art flow
cytometry-based techniques, we have addressed the
relationship between EE and immune function using only
one strain of mice (C57BL/6), two housing conditions (four
per cage; single-house), one route of infection (intranasal),
one pathogen (HSV-1), two sets of lymph nodes (CLN and
MLN), and two measures of immunity (number and function
of CD8+ T cells).  Thus, one has to be cautious in attempting
to generalize the results from one study to all relationships
among EE and immune function or other physiological
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parameters.  Additional data is necessary to determine how
EE broadly and specifically influences immune functions in
other ways.  One should carefully consider the use of adding
any type of enrichment device as it may function as
additional variable with unknown consequences on the
measures that are being made.  However, an attempt to
provide an environment for mice that allows for species-
specific behavior such as gnawing, nesting and hiding, and
foraging should be made whenever possible.  Further studies
need to be conducted to determine EE effects on all aspects
of the overall welfare of laboratory mice.

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

References

1. Altman JD, Moss PA, Goulder PJ, Barouch DH,
McHeyzer-Williams MG, Bell JI, McMichael AJ, Davis
MM, 1996. Phenotypic analysis of antigen-specific T
lymphocytes. Science 274, 94-96.
2. Ambrose MN. 2000. The use of cage enrichment to
reduce male mouse aggression. Journal of Applied Animal
Welfare Science 3:117-125.
3. Anglen, C.S., Truckenmiller, M.E., Schell, T.D.,
Bonneau, R.H., 2003. The dual role of CD8+ T lymphocytes



Environmental Enrichment, Stress, and Immune Response to HSV-1 Infection in C57BL/6 Mice

10 of 12

in the development of stress-induced herpes simplex
encephalitis. J Neuroimmunol 140, 13-27.
4. Armstrong KR, Clark TR, Peterson MR 1998. Use of
cornhusk nesting material to reduce aggression in caged
mice. Contemporary Topics in Laboratory Animal Science
37(4):64-66.
5. Barnard CJ, Behnke JM, and Sewll J. 1996.
Environmental enrichment, immunocompetence, and
resistance to Babesia microti in male mice. Physiology &
Behavior 60(5):1223-1231.
6. Baumans V. 2000. Environmental Enrichment: A right of
rodents!, p. 1251-1255. In Balls M, Van Zeller A-M, Halder
M, editors. Progress in the Reduction, Refinement and
Replacement of Animal Experimentation. Amsterdam:
Elsevier BV.
7. Benaroya-Milshtein N, Hollander N, Apter A,
Kukulansky T, Raz N, Wilf A, Yaniv I, and Pick CG. 2004.
Environmental enrichment in mice decreases anxiety,
attenuates stress responses and enhances natural killer cell
activity. European Journal of Neuroscience 20:1341-1347.
8. Benefiel A, Dong W, Greenough W. 2005. Mandatory
“Enriched” Housing of Laboratory Animals: The Need for
Evidence-based Evaluation. ILAR Journal 46:95-105.
9. BHAG. 1999. Behaviour and Husbandry Advisory Group,
a scientific advisory group of the American Zoo and
Aquarium Association Workshop at Disney’s Animal
Kingdom.
10. Blaney JE, Jr, Nobusawa E, Brehm MA, Bonneau RH,
Mylin LM, Fu TM, Kawaoka Y, Tevethia SS, 1998.
Immunization with a single major histocompatibility
complex class I-restricted cytotoxic T-lymphocyte
recognition epitope of herpes simplex virus type 2 confers
protective immunity. J Virol 72, 9567-9574.
11. Bloomsmith MA, Brent LY, Schapiro SJ. 1991.
Guidelines for developing and managing and environmental
enrichment program for nonhuman primates. Laboratory
Animal Science, 41: 372-377.
12. Bonneau RH, Salvucci LA, Johnson DC, Tevethia SS,
1993. Epitope specificity of H-2Kb-restricted, HSV-1-, and
HSV-2-cross-reactive cytotoxic T lymphocyte clones.
Virology 195, 62-70.
13. Bonneau RH, Sheridan JF, Feng NG, Glaser R. 1991.
Stress-induced suppression of herpes simplex virus (HSV)-
specific cytotoxic T lymphocyte and natural killer cell
activity and enhancement of acute pathogenesis following
local HSV infection. Brain Behav Immun 5, 170-192.
14. Broom DM, & Johnson KG. 1993. Stress and Animal
Welfare London: Chapman & Hall
15. Chamove, AS & Moodie, EM. 1990 Are alarming events
good for captive monkeys? Applied Animal Behaviour
Science 27:169-76.
16. Chamove AS. 1989. Cage designs emotionality in mice.
Laboratory Animals 23:215-219
17. Dawkins MS. 1990. From an animal’s point of view:
Motivation, fitness and animal welfare. Behav Brain Sci
13:1-61
18. Chang SS and Rasmussen AF. 1965. Stress-induced
suppression of interferon production in virus-infected mice.
Nature 205:623-624.
19. Coviello-Mclaughlin GM, Starr SJ. 1997. Rodent
Enrichment devices-evaluation of preference and efficacy.
Contemporay Topics in Laboratory Animal Science
36(6):66-68.
20. Dawkins MS. 1998. Evolution and animal welfare. Q
Rev Biol 73:305-328
21. Duncan IJH, Olsson IAS. 2001. EE: From flawed
Concept to Pseudo-Science. Proceedings of the 35th
Congress of the international Society of Applied Ethology,

Davis, California, Center for Animal Welfare, UC Davis.
22. Duncan, I. and Fraser, D. 1997. Understanding animal
welfare. In: Appleby, M.C. and Hughes, B.O. (eds) Animal
Welfare, pp. 19-31. CAB International. Wallingford, UK.
23. Gwinn LA, Krauthauser CL, Kerr JS. 1999. Impact of
home cage alterations on aggression in mice. Abstracts of
the AALAS meeting, 35 (Abstract)
24. Hanke T, Graham FL, Rosenthal KL, Johnson DC, 1991.
Identification of an immunodominant cytotoxic T-
lymphocyte recognition site in glycoprotein B of herpes
simplex virus by using recombinant adenovirus vectors and
synthetic peptides. J Virol 65, 1177-1186.
25. Hebb, DO. 1949. The Organization of Behavior. New
York: John Wiley
26. Hennesy MB, Foy T. 1987. Non-edible material elicits
chewing and reduces the plasma corticosterone during
novelty exposure in mice. Behavioral Neuroscience
101:237-245.
27. Hermann G, Tovar CA, Beck FM, Allen C and Sheridan
JF. 1993. Restraint stress differentially affects the
pathogenesis of an experimental influenza viral infection in
three inbred strains of mice. J. Neuroimmunol 47:83-94.
28. Hughes BO & Duncan, IJH. (1988) The notion of
ethological ‘need’, model of motivation and animal welfare.
Animal Behaviour, 36:1696-1707.\
29. Hunt C and Hamly C. 2006. Faecal corticosterone
concentrations indicate that separately housed male mice are
not more stressed than group housed males. Physiology &
behavior 87:519-526 .
30. Jennings M, et. al. 1998. Refining rodent husbandry: the
mouse: Report of the Rodent Refinement Working Party.
Lab Animal 32:233-259.
31. Jones RB, Nowell NW. 1973. The effects of familiar
visual and olfactory cues on the aggression behaviour of
mice. Physiology and Behavior 10:221-223.
32. Kingston SG, Hoffman-Goetz L. 1996. Effect of
environmental enrichment and housing density on immune
reactivity to acute exercise stress. Physiol. Behav.
56:291-297.
33. Manser CE. 1992. The Assessment of stress in laboratory
animals. RSPCA, West Sussex, UK.
34. Meijer MK, Kramer K, Remie R, Spruijt BM, van
Zutphen LFM, and Baumans V. 2006. The effect of routine
experimental procedures on physiological parameters in
mice kept under different husbandry conditions. Animal
Welfare 15:31-38.
35. Moberg GP. 2000. Biological response to stress:
Implications for animal welfare. In: Moberg GP, Mench JA,
eds. Biology of Animal Stress: Implications for Animal
Welfare. Wallingford, Oxon, UK: CAB Int (Forthcoming).
36. Nair A, Bonneau RH. 2006. Stress-induced elevation of
glucocorticoids increases microglia proliferation through
NMDA receptor activation. J Neuroimmunol 171, 72-85.
37. Nevison et. al. 1999. Strain specifics effects of cage
enrichment in male laboratory mice (Mus musculus). Animal
Welfare, 8: 361-379.
38. Newberry RC. 1995. Environmental enrichment:
Increasing the biological relevance of captive environment.
Appl Anim Behav Sci 44:229-243.
39. Olsson IAS, & Dahlborn K. 2002. Improving conditions
for laboratory mice: A review of EE. Lab Anm 36:243-270.
40. Padgett DA, Glaser R. 2003. How Stress Influences the
Immune Response. Trends in Immunology. 24(8):444-448.
41. Padgett DA, Sheridan JF, Dorne J, Berntson GG,
Candelora J, and Glaser R. 1998. Social stress and the
reactivation of latent herpes simplex virus type 1. Proc Natl
Acad Sci 95:7231-7235.
42. Poole, T. 1998. Meeting a mammal's psychological



Environmental Enrichment, Stress, and Immune Response to HSV-1 Infection in C57BL/6 Mice

11 of 12

needs: basic principles. In: Second Nature: Environmental
Enrichment for Captive Animals. D.J. Shepherdson, J.
Mellen, M. Hutchins, eds., Smithsonian Institution Press:
Washington and London, pp. 83-94.
43. Scharmann W. 1991. Improved housing of mice, rats and
guinea pigs: a contribution to the refinement of animal
experimentation. Alternatives to Laboratory Animals
[ATLA] 19, 108-114
44. Selye H. 1936. A syndrome produced by diverse
nocuous agents. Nature, 138:32.
45. Shepherdson DJ. 1994. The role of EE in the captive
breeding and reintroduction of endangered species. In:
Creative Conservation: Interactive Management of Wild and
Captive Animals (eds G. Mace, P. Olney & A.T.C. Feistner),
pp. 167-77. Chapman & Hall, London.
46. Sheperdson D. 1989. EE—measuring the behavior of
animals. Ratel, 16, 134-139.
47. Sheridan JF, Feng N, Bonneau RH, Allen CM, Hunnicutt
BS, and Glaser R. 1992. J. Neuroimmunol 47:83-94.
48. Tsai PP, Pachowsky U, Stelzer HD, and Hackbarth H.
2002. Impact of environmental enrichment in mice. 1: Effect
of housing conditions on body weight, organ weights and
haemotology in different strains. Laboratory Animals
36:411-419.
49. Van de Weerd HA, Van Loo PLP, Van Zutphen LFM,
Koolhaas JM and Baumans V.
1997. Nesting material as environmental enrichment has no
adverse effects on behavior
and physiology of laboratory mice. Physiology & Behavior

62(5), 1019-1028
50. Van de Weerd HA, Baumans V, Koolhaas JM, Van
Zutphen LFM. 1996. Nesting material as enrichment in two
mouse inbred strains. Proceedings of the joint international
conference of ICLAS, Scand-LAS and FinLAS 1995,
Helsinki. pp 119-123
51. Van Loo PLP, Van der Meer E, Kruitwagen CLJJ,
Koolhaas JM, Van Zutphen LFM, Baumans V. 2004. Long-
term effects of husbandry procedures on stress-related
parameters in male mice of two strains. Lab anm
38:169-177.
52. Veasey JS, Waran NK, Young RJ. 1996. Comparing the
behaviour of zoo animals with their wild con-specifics as a
welfare indicator. Anim. Welf. 5: 13-24
53. Von Holst D. 1998. The concept of stress and its
relevance for animal behavior. In: Stress and Behavior,
edited by Mooler AP, Milinski M, and Slater PJB. San
Diego, CA: Academic, 1998, p. 1-131.
54. Wemelsfelder F, Birke L. 1997. Environmental
Challenge. In: ‘Animal Welfare’ (Appleby MC, Hughes BO,
eds) Oxon: CAB International, pp 35-47
55. Wiepkema, PR & Koolhaas, JM. 1993. Stress and animal
welfare. Animal Welfare 2:195-218
56. Zhang L, Nair A, Krady K, Corpe C, Bonneau RH,
Simpson IA, Vannucci SJ. 2004. Estrogen stimulates
microglia and brain recovery from hypoxia-ischemia in
normoglycemic but not diabetic female mice. J Clin Invest
113, 85-95.



Environmental Enrichment, Stress, and Immune Response to HSV-1 Infection in C57BL/6 Mice

12 of 12

Author Information

LaTesa J. Hughes
Department of Comparative Medicine (H054), Penn State College of Medicine; Current Affiliation: Animal Health Care
Section/National Institute of Neurological Disorders and Stroke/National Institutes of Health
Hershey, Pennsylvania
hugheslj@mail.nih.gov

Robert H. Bonneau
Department of Microbiology and Immunology (H107), Penn State College of Medicine
Hershey, Pennsylvania

Ronald P. Wilson
Department of Comparative Medicine (H054), Penn State College of Medicine
Hershey, Pennsylvania


