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Abstract
Chronic psychological stress is generally immunosuppressive and contributes to an increase in
herpes simplex virus (HSV) pathogenicity. We have previously shown that mice experiencing
stress at the time of intranasal HSV infection have increased levels of infectious virus in their
nasal cavity, as compared to control mice that were not subjected to stress. We have extended our
studies to determine the effects of stress at another clinically-relevant mucosal site by examining
the immune response to and pathogenesis of vaginal HSV infection. Mice experiencing
psychological stress during vaginal HSV infection exhibited an increase in both vaginal viral titers
and the pathology associated with this HSV infection. We demonstrate that these observations
result from the failure of both the innate and HSV-specific adaptive immune responses. At two
days post-infection, NK cell numbers were significantly decreased in mice experiencing restraint
stress. Studies examining the adaptive immune response revealed a decrease in the number of
HSV-specific CD8+ T cells in not only the vaginal tissue itself but also the draining iliac lymph
nodes (ILN). Furthermore, the number of functional cells, in terms of both their degranulation and
interferon-γ production, in the ILN of stressed mice was decreased as compared to non-stressed
mice. We conclude that psychological stress, through its suppression of both innate and adaptive
immune responses, may be an important factor in the ability to control vaginal HSV infection.
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1. Introduction
Neuroendocrine-derived peptides and hormones are clearly recognized as immune
modulators (reviewed in Avitsur et al., 2006; Godbout and Glaser, 2006; Sheridan et al.,
1998; Stone and Bovbjerg, 1994). Previous studies examining the impact of psychological
stress on immune function have focused on HSV-1 infection via footpad (Bonneau et al.,
1993b; Bonneau et al., 1991), ocular (Freeman et al., 2007; Kip et al., 2001) and intranasal
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(Anglen et al., 2003; Ashcraft et al., 2008; Nair et al., 2007) routes. In one or more of these
studies, stress at the time of infection has been shown to delay CD8+ T cell infiltration, limit
microglial MHC class I surface expression, and increase the titer of infectious HSV at the
site of infection. Although the effects of stress on the number and function of memory CTL
within the vaginal epithelium has been demonstrated previously (Wonnacott and Bonneau,
2002), the impact of stress on the innate and adaptive immune response during primary
vaginal HSV-1 infection has not yet been elucidated.

Exposure to infectious pathogens occurs most often via mucosal routes. These highly
susceptible points of entry include the respiratory, gastrointestinal, and genitourinary tracts,
and represent routes which are protected by mucosal-associated lymphoid tissues. The
immune cells located within these tissues are poised to respond to infection, ideally limiting
it to the mucosal site. During the first few days of a viral infection, natural killer (NK) cells
non-specifically lyse virally-infected host cells, which helps limit the spread of the infection.
Meanwhile, the T cell-mediated adaptive immune response beings to develop, and
subsequently results in the lysis of infected cells in an antigen-specific manner.

The efficacy of mucosal-based immune responses has been shown to be compromised in
individuals experiencing psychological stress. However, the majority of these studies have
examined the impact of stress on the immune response within the gastrointestinal mucosa.
Recently, psychological stress during gastrointestinal infection has been demonstrated to
reduce the concentration of intestinal IgA (Jarillo-Luna et al., 2007), the numbers of
intraepithelial lymphocytes (Jarillo-Luna et al., 2008), and the production of interferon-γ
(IFN-γ) (Yang et al., 2006). Our laboratory has recently shown that psychological stress
reduces the number of immune cells responsible for limiting mucosal HSV infection via the
intranasal route (Ashcraft et al., 2008), resulting in increased viral replication.

The aim of the studies described herein was to determine the effects of restraint stress on the
innate and CTL-based adaptive immune response during primary vaginal infection with
HSV-1. We have shown that mice experiencing psychological stress during such infection
exhibit increased damage to the vaginal epithelium. We present data suggesting that this
observation is due to their inability to elicit a sufficiently robust anti-viral immune response.
Stress-induced suppression of the innate immune response resulted in increased viral titers
as early as two days post-infection. This immunosuppression extended to the adaptive
immune response, as was indicated by the decreased number and function of CD8+ T cells
specific for an HSV-encoded immunodominant H-2Kb-restricted CTL recognition epitope.
We conclude that psychological stress at the time of primary genital HSV-1 infection leads
to more severe pathophysiology through a suppression in anti-viral immunity.

2. Materials and Methods
2.1 Animals

Female C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) were obtained at 5-6 weeks
of age. All mice were group-housed at 4 mice per cage, maintained on a 12/12 hour light/
dark cycle (lights on at 0000 and off at 1200), and were given access to food and water ad
libitum. No experiments were conducted until mice were acclimated to these conditions for
at least 1 week. All experimental procedures were carried out according to guidelines set by
the Association for Assessment and Accreditation of Laboratory Animal Care International
(AAALAC International) and the National Institutes of Health.
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2.2 Virus
HSV-1 strain McIntyre was prepared by infection of Vero cells at a multiplicity of infection
of 0.01. Virus titers were assessed by plaque assay on Vero cells and viral stocks were
stored at -70°C.

2.3 Intravaginal infection
Six-to-eight-week old female mice were administered a subcutaneous injection of 2 mg
Depo-Provera® (Greenstone Ltd., Peapack, NJ) in a volume of 100 μL. Depo-Provera®

treatment induces mice to enter a diestrous-like state (Parr et al., 1994), which allows for
consistent vaginal HSV infection (Gallichan and Rosenthal, 1996). Five days later, mice
were anesthetized by a 0.2 mL intraperitoneal (i.p.) injection of ketamine/xylazine (1.5 mg/
kg ketamine; 0.1 mg/kg xylazine) prepared in sterile, distilled water. The vaginal lumen was
gently swabbed with a sterile Dacron®-tipped polyester applicator (Puritan, Guilford, ME)
moistened with phosphate-buffered saline (PBS). Mice were then infected with 5 × 106 pfu
of HSV-1 McIntyre by instilling the viral inoculum (20 μL) directly into the vagina.

2.4 Restraint stress protocol
Beginning one day prior to HSV-1 infection, mice were physically restrained (without
squeezing or compression) in well-ventilated, 50 mL conical tubes containing approximately
one-hundred 0.4 cm diameter holes (Anglen et al., 2003; Nair and Bonneau, 2006; Nair et
al., 2007). Mice were able to move forward and backward, but were unable to turn around.
This procedure induces psychological stress due to the confinement that is experienced by
the animal. Mice were restrained for 16 hours (1700 to 0900) per session beginning 5 hours
into the dark cycle. Since restrained mice were not able to obtain food and water during this
16-hour stress session, non-stressed control mice were deprived of food and water during the
same period of time. All mice received equal access to food and water following the
termination of each stress session.

2.5 Histological examination of vaginal tissue
Mice were anesthetized with sodium pentobarbital (100 mg/kg, i.p.; Nembutal®, Abbott
Laboratories, North Chicago, IL) and perfused with 20 mL 10% formaldehyde (v/v).
Vaginas were excised, placed in 10% formaldehyde for 48 hours at room temperature,
transferred to 70% ethanol, and embedded in a paraffin block. Seven μm cross-sections
were collected and stained using hematoxylin and eosin. Images were observed using an
Olympus IX81 deconvolution microscope, and images were obtained using Qcapture
software (Q Imaging Corp., Burnaby, BC, Canada).

2.6 Isolation of lymphoid cells from vaginas
Mice were euthanized via cervical dislocation. Vaginas were excised and placed in RPMI
1640 media (Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS), 50 μM 2-
mercaptoethanol, 2 mM glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin.
Vaginas from four mice were pooled in order to obtain enough lymphocytes to perform flow
cytometric analysis. Vaginas were minced into pieces of approximately 1 mm3 in size, and
incubated, while rocking, in 20 mL of Hank’s-buffered saline solution (HBSS) containing
0.1% (v/v) fetal bovine serum and 2 mg/mL collagenase (Roche, Indianapolis, IN) for 2
hours at 37°C. Following this incubation, the vaginal tissue was homogenized using a 60-
gauge stainless steel mesh screen and the plunger of a 5 mL syringe. This homogenate was
then centrifuged at 500 × g for five minutes. Red blood cells were then lysed with tris
ammonium chloride (1.55 mM ammonium chloride; 34 mM tris base, pH 7.2). Cell pellets
were resuspended in 5 mL of supplemented RPMI, and expressed through a 70 μm nylon
cell strainer (BD Biosciences, Bedford, MA), in order to remove debris and to disrupt any
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remaining cell clumps. Samples were resuspended in 30% Percoll (Amersham Biosciences,
Sweden), layered over an 80% Percoll cushion and centrifuged at 500 × g for 15 minutes at
room temperature. The number of viable cells in each sample was determined by trypan blue
dye exclusion.

2.7 Isolation of lymphoid cells from lymph nodes
Mice were euthanized via cervical dislocation. Iliac lymph nodes (ILN) were removed and
placed in Iscove’s-modified Dulbecco’s media (IMDM) (Gibco) supplemented with 10% (v/
v) fetal bovine serum (FBS), 50 μM 2-mercaptoethanol, 2 mM glutamine, 100 U/mL
penicillin, and 100 μg/mL streptomycin sulfate. Lymph nodes were then mechanically
dissociated by passage through a 70 μm nylon cell strainer (BD Biosciences) and the
resulting cell suspension was washed with supplemented IMDM. The number of viable cells
was determined by trypan blue dye exclusion.

2.8 Analysis of cell surface markers and tetramer specificity
Flow cytometric analysis of cell surface markers was determined as described previously
(Anglen et al., 2003; Nair and Bonneau, 2006; Zhang et al., 2004) with slight modifications.
Briefly, CD16/CD32 Fcγ 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) (Anglen et al., 2003). Cell surface expression of CD8 was detected using
anti-CD8 APC antibody (clone 53-6.7; eBioscience) at a dilution of 1:100 in FACS buffer.
For identification of CD3-, NK1.1+ NK cells, anti-CD3 PE antibody (clone 145-2C11;
eBioscience) and anti-NK1.1 APC antibody (clone PK136; eBiocience) were used at a
dilution of 1:100 in FACS buffer.

For the detection and quantification of gB498-505 epitope-specific T lymphocytes, cells were
incubated with a PE-labeled tetramer (at a 1:1000 dilution) obtained from the NIH Tetramer
Facility at Emory University. This tetramer detects the T cell receptor specific for the
H-2Kb-restricted, gB498-505-specific epitope, which has been described as an HSV-1-
encoded immunodominant epitope in C57BL/6 mice (Bonneau et al., 1993a; Hanke et al.,
1991). 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.

2.9 Degranulation assay for T cell lytic function
CD107a (LAMP-1) expression was determined as described previously (Betts and Koup,
2004), with slight modifications. Lymphocytes were resuspended in supplemented IMDM
and incubated with 1 μM gB498-505 (SSIEFARL) peptide and a 1:100 dilution of anti-
CD107a FITC antibody (clone 1D4B; BD Pharmingen) for 1 hour at 37°C. All cells were
then treated with 10 mM of ammonium chloride for three hours at 37°C to prevent
acidification of endosomes and the subsequent loss of the FITC signal (Henderson et al.,
2002; Hoppe et al., 2004). Following this incubation, cells were washed twice with FACS
buffer and the CD16/CD32 Fcγ receptors were blocked with 2.4G2 cell culture supernatant
supplemented with 20% (v/v) mouse serum. Cells were then incubated with anti-CD8 APC
antibody (at a 1:100 dilution), resuspended in 2% paraformaldehyde, and analyzed by flow
cytometry.

2.10 Intracellular cytokine staining for IFN-γ
Lymph node-derived lymphocytes were isolated as described above. These cells were
resuspended in supplemented IMDM and incubated with 1 μM gB498-505 peptide
(synthesized at The Pennsylvania State University College of Medicine Macromolecular
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Core Facility) for 2 hours at 37°C. 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 37°C. Cells were then washed twice with FACS buffer and the CD16/
CD32 Fcγ 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 at a 1:100 dilution. Following staining for CD8, cells were fixed in 2%
paraformaldehyde and incubated at room temperature for 20 minutes in the dark. Cells were
then washed twice with FACS buffer and incubated with anti-IFN-γ FITC antibody (clone
XMG1.2; eBioscience) diluted 1:100 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.

2.11 Viral plaque assays from vaginal washes
Mice were euthanized via cervical dislocation. Vaginal washes using PBS/1% FBS (v/v)
were collected as described previously (Gallichan and Rosenthal, 1996). The recovered
PBS/1% FBS was stored at -70°C until plaque assays were performed. The PBS washes
underwent three freeze/thaw cycles, and were sonicated for three minutes in a water bath
sonicator (Sinosonic Industrial Co., Taiwan). These sonicates were centrifuged at 16,000 × g
for 10 minutes to remove cell debris, and virus levels were determined by standard plaque
assay on Vero cells. Cells were fixed and stained with 5% (v/v) formaldehyde/0.5% (w/v)
crystal violet.

2.12 Flow cytometry analysis
Flow cytometric analysis was conducted using a FACSCalibur 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] × [number of viable cells in sample].

2.13 Statistical 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.

3. Results
3.1 Psychological stress increases HSV-1-induced pathology in the vagina

To determine the effects of stress on HSV-1-mediated pathology in the vaginal epithelium,
we examined vaginal tissue via light microscopy. Mice were either restrained or food-and-
water-deprived for one 16-hour session prior to intravaginal infection with 5 × 106 pfu
HSV-1. Restraint stress sessions continued daily thereafter, and mice were euthanized seven
days post-infection. Vaginal tissue was excised, and prepared as described in the Materials
and Methods. As was expected, vaginal tissue from non-infected, food-and-water deprived
control mice displayed no HSV lesions and the columnar mucosa lining the vaginal
epithelium was organized and intact. There was very little lymphocyte infiltration, and
vaginal secretions did not contain a significant number of immune cells (Figure 1A, 1B).
HSV-1 infected, food-and-water deprived mice did not exhibit damage in the columnar
mucosa, however, increased secretions within the vaginal lumen were observed (Figure 1C,
1D). Lymphocyte infiltration of the mucosa was also observed (Figure 1D, indicated by
arrows). In contrast, vaginal tissue from infected, restrained mice displayed areas of
extensive damage to the columnar mucosa (Figure 1E, 1F). Lymphocyte presence was
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increased, as compared to non-infected mice. In addition, a number of HSV-induced lesions
were observed (Figure 1F, indicated by arrow). Thus, histological examination alone
indicated that restraint stress exacerbated the severity of vaginal HSV infection.

3.2 Psychological stress limits immediate control of local infection
We hypothesized that one reason for the increased vaginal pathology in mice experiencing
restraint stress was due to increased levels of infectious virus within the vaginal lumen. To
address this hypothesis, mice were either restrained or food-and-water-deprived for one 16-
hour session prior to intravaginal infection with 5 × 106 pfu HSV-1. Mice underwent daily
restraint or food-and-water deprivation sessions thereafter. At two, four, and six days post-
infection, vaginal washes from different cohorts of mice were collected and titered for
infectious HSV-1 as described in the Materials and Methods. Mice that were subjected to
restraint stress had significantly greater levels of infectious virus within the vaginal lumen
compared to non-stressed mice on days 2 and 6 post-infection (Figure 2). We were unable to
detect infectious virus in any of the food-and-water-deprived mice at 6 days post-infection.

3.3 Psychological stress reduces the number of NK cells in the vaginal tissue
The increased level of infectious virus at two days post-infection suggested that early, innate
components of the immune response are impaired in stressed mice. Because natural killer
(NK) cells limit initial spread of infection by non-specifically lysing virally-infected cells,
we determined the number of NK cells at the local site of infection at this timepoint. Mice
were either restrained or food-and-water-deprived for one 16-hour session prior to
intravaginal infection with 5 × 106 pfu HSV-1. Mice underwent daily restraint sessions
thereafter. At two days post-infection, vaginal tissue was excised and lymphoid cells were
isolated as described in the Materials and Methods. As was expected, HSV-infection was
associated with a significant increase in both the percentage and number of lymphoid cells
with the CD3-NK1.1+ phenotype as compared to uninfected control mice (Figure 3).
However, the vaginal tissue from HSV-1 infected mice experiencing restraint stress
exhibited a significant decrease in the number of NK cells (Figure 3). The percentage of
lymphoid cells expressing the NK cell phenotype was slightly decreased in restrained mice
(13.1% vs. 11.1%), however, this difference was not significant.

3.4 Psychological stress decreases the number of HSV-specific CD8+ T cells in the
draining iliac lymph nodes (ILN)

We assessed the magnitude of the immune response in the iliac lymph nodes (ILN), which
are the lymph nodes that drain the genital region (King et al., 1998). Mice were either
restrained or food-and-water-deprived for one 16-hour session prior to vaginal infection with
5 × 106 pfu HSV-1. Mice underwent daily restraint sessions thereafter. Seven days post-
infection, mice were euthanized and the iliac lymph nodes were removed and assessed for
both total CD8+ T cells and gB498-505-specific CD8+ T cells. Viability was assessed via
trypan blue dye exclusion. HSV-infection resulted in increased numbers of viable cells in
the ILN (Table 1). This increase was slightly hindered in mice experiencing restraint stress
during infection, however the difference was not statistically significant between the groups.
The population of infiltrating cells at this timepoint likely included CD8+ T cells, as well as
other lymphocytes, and antigen presenting cells. Indeed, when we examined cells for CD8+

expression, there was a significant increase in both the number of total CD8+ T cells (Figure
4A) and gB498-505-specific CD8+ cells (Figure 4B) in the ILN of infected mice, as compared
to mice that were not infected. However, the ILN from mice that underwent stress during the
infection had significantly fewer numbers of both total (Figure 4A) and gB498-505-specific
CD8+ T cells (Figure 4B), as compared to food-and-water-deprived, HSV-1 infected mice.
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3.5 Psychological stress decreases the number of functional HSV-specific CD8+ T cells in
the draining iliac lymph nodes

To assess the effect of stress on the function of gB498-505-specific T cells in the iliac lymph
nodes, we tested the CD8+ T cells from these lymph nodes for their ability to express the
degranulation marker CD107a and to produce intracellular interferon-γ (IFN-γ) in response
to gB498-505-specific peptide stimulation. Mice were infected intravaginally with 5 × 106 pfu
HSV-1, and subjected to restraint stress beginning one day prior to infection and continuing
daily. Seven days post-infection, lymphoid cells from the ILN were isolated and assessed for
their ability to degranulate and produce IFN-γ.

As was expected, relatively few CD8+ T cells in the ILN of non-infected, food-and-water-
deprived control mice expressed CD107 (Figure 5A) or produced IFN-γ (Figure 5B). In
HSV-1 infected mice, we detected significantly greater numbers of cells expressing CD107a
or producing IFN-γ. However, in mice experiencing restraint stress at the time of infection,
there were significantly fewer cells expressing CD107a or producing IFN-γ. This reduction
was primarily due to a decrease in the number of CD8+ T cells in the lymph nodes; however
a slight reduction in the percentage of CD8+ T cells responding to peptide was also observed
(data not shown).

To assess the level of function of individual cells we also examined the mean fluorescence
intensity (MFI) of those CD8+ cells that expressed CD107a or produced IFN-γ. There was
no significant difference in the MFI of either CD107a+ or IFN-γ+ cells between HSV-
infected mice that were subjected to food-and-water-deprivation or restraint stress. These
findings indicate that psychological stress does not impair the ability of gB498-505-specific
cells to respond on a per-cell basis.

3.6 Psychological stress decreases the number of lymphocytes that infiltrate the vaginal
tissue during HSV-1 infection

Having shown that psychological stress at the time of infection results in a decreased
immune response in the ILN we hypothesized that the immune response in vaginal tissue of
stressed mice would also be less robust than in food-and-water deprived mice. To evaluate
the local immune response to vaginal infection we measured the number of HSV-1
gB498-505-specific T cells in the vaginal tissue. Mice were subjected to one 16-hour restraint
session prior to intravaginal infection with 5 × 106 pfu HSV-1. Restraint stress continued
daily thereafter, and mice were euthanized seven days post-infection. Vaginal tissue was
excised and lymphoid cells were isolated as described in the Materials and Methods. We
first assessed the number of viable cells using trypan blue dye exclusion (Table 1) and found
an overall increase in cell numbers in the vaginal tissue in mice that were infected with
HSV. Restraint during infection slightly inhibited this increase in cellularity, however this
inhibition was not significantly different than the food-and-water deprived controls. As was
expected, non-infected mice had relatively low numbers of CD8+ T cells in the vaginal
epithelium (Figure 6A, 6D). We observed a significant increase in the number of CD8+ T
cells in mice infected with HSV-1 (Figure 6B, 6D). However, mice subjected to restraint
stress exhibited less of an increase than did the food-and-water-deprived control mice.
Although the numbers of CD8+ T cells in the vaginal tissue was lower in infected, restrained
mice than in infected, food-and-water deprived mice, there was not a statistical difference
between these two groups (p < 0.08) (Figure 6C, 6D).

We also used tetramer-based flow cytometric analysis to quantify those CD8+ T cells whose
receptors are specific for the H-2Kb-restricted immunodominant epitope gB498-505. As was
expected, infected, food-and-water-deprived mice had a significantly greater number of
gB498-505-specific CD8+ T cells as compared to non-infected mice (Figure 6E, 6F).
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However, mice that were undergoing stress throughout the infection had significantly fewer
gB498-505-specific CD8+ T cells as compared to non-stressed controls.

4. Discussion
Many studies have examined the impact of psychological stress on the immune response to
viral infection (Brenner and Moynihan, 1997; Campbell et al., 2001; Dobbs et al., 1996;
Engler et al., 2005; Feng et al., 1991; Hermann et al., 1995; Hunzeker et al., 2004;
Konstantinos and Sheridan, 2001; Mi et al., 2006; Ortiz et al., 2003; Tseng et al., 2005).
Such studies have indicated that psychological stress and associated neuroendocrine
peptides and hormones are generally immunosuppressive. Despite the multitude of studies
on restraint stress during primary HSV-1 infection (Anglen et al., 2003; Ashcraft et al.,
2008; Bonneau et al., 1993b; Bonneau et al., 1991; Brenner and Moynihan, 1997; DeLano
and Mallery, 1998; Nair et al., 2007; Ortiz et al., 2003), there have been no publications on
the effect of stress on primary vaginal HSV-1 infection. Therefore, the studies presented
here aimed to determine the impact of restraint stress during primary vaginal HSV-1
infection on the number and function of immune cells governing both the innate and
adaptive immune response. Using a clinically-relevant mucosal infection model, our studies
examined the effects of stress on the immune response to a vaginal HSV-1 infection.

4.1 The model
In the United States, 58% and 17% of patients are seropositive for HSV-1 and HSV-2,
respectively (Xu et al., 2006). Although genital herpes infections were once caused
primarily by HSV-2, there has been a substantial increase in the number of infections in
which HSV-1 is the causative agent (Malkin, 2004; Samra et al., 2003). For example,
HSV-1 isolates accounted for 78% of genital infections in 2001, as compared to only 31% in
1993 (Roberts et al., 2003). Given this changing trend, we chose to determine the impact of
psychological stress on the immune response to vaginally-acquired HSV-1 infection. Our
infection model included a gentle swabbing of the vaginal epithelium prior to instilling the
viral inoculum into the lumen. This approach not only mimicked the mild abrasion that may
occur during the acquisition of a vaginal infection, but also resulted in a more consistent
infection than when virus was instilled into the vagina without swabbing (data not shown).

Vaginal infections in experimental settings pose a unique challenge due to the cycling
hormones. As has been reported previously, the various stages of the estrous cycle result in
changes in infectivity in mice infected with either HSV-1 or HSV-2 (Gallichan and
Rosenthal, 1996; Gillgrass et al., 2003; Gillgrass et al., 2005; Kaushic et al., 2003; Linehan
et al., 2004; Parr et al., 1994). These differences in infectivity result from changes in
antibody levels within vaginal washes (Gallichan and Rosenthal, 1996), and altered
expression of nectin-1, which serves as an HSV-receptor (Linehan et al., 2004). These and
other studies have demonstrated the importance using synthetic hormones to induce mice to
enter a diestrous-like state prior to vaginal infection. Therefore, all mice were treated with
Depo-Provera® five days prior to vaginal infection, as has become standard in studies of this
nature.

4.2 Glucocorticoids increase the severity of vaginal infection
Given the immunosuppressive nature of glucocorticoids, we hypothesized that restraint
stress would result in a more severe vaginal infection that would cause more extensive
damage to the vaginal epithelium. We have previously reported that our model of restraint
stress increases serum corticosterone levels to approximately 300 ng/mL, whereas food-and-
water-deprived control mice have serum corticosterone levels of less than 100 ng/mL
(Ashcraft et al., 2008). Consistent with our hypothesis, mice that experienced restraint stress
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displayed more extensive vaginal pathology than did mice that were food-and-water
deprived throughout infection (Figure 1). Disrupted areas of the columnar mucosa, as well
as the presence of HSV lesions, were observed in mice experiencing restraint stress. Because
mice were observed at only seven days post-infection, we were unable to address the
question of whether restraint stress resulted in lesions only in mice that were restrained, or if
lesion healing in restrained mice was simply delayed. Given the multitude of studies
reporting that stress delays wound healing (reviewed in Christian et al., 2006), this is
certainly a possibility, although not one that we chose to pursue in this study.

Cervicovaginal secretions from HSV-2-infected humans contain not only neutrophils (John
et al., 2005) but also HSV-specific IgG and IgA (Mbopi-Keou et al., 2003) with neutralizing
activity. Vaginal secretions were observed in infected, food-and-water-deprived mice but
not in restrained mice. This absence of secretions and associated immune factors in
restrained mice suggests that their immune response may be less able to control the levels of
infectious virus. To address this possibility, we measured viral titers in vaginal washes two,
four, and six days post-infection (Figure 2). Consistent with our hypothesis, restrained mice
had increased viral titers in their vaginal washes. Our method of collecting vaginal washes
included a swabbing of the vaginal epithelium, which allowed us to collect HSV-infected
epithelial cells. Therefore, the virus titers presented include not only virus that was released
into the vagina from lysed cells, but also virus that was released from these collected
epithelial cells upon in vitro freeze/thaw and sonication. From a clinical standpoint, this
increase could result in a greater chance of spreading the disease to non-infected partners.

4.3 Psychological stress impairs the early innate immune response to vaginal HSV-1
infection

As T cell-mediated, adaptive immune responses typically take 5-7 days to develop, the
significant increase in infectious viral titers at two days post-infection suggested that
restraint stress caused a failure in the ability of the innate immune response to control the
infection. To address this hypothesis, we focused on NK cells, given their anti-viral
functions and their presence early in the course of intranasal HSV-1 infection. On days 1
and 3 post-intranasal HSV-1 infection, NK cells are the dominant lymphocyte present in
bronchoalveolar lavage fluid (Reading et al., 2006). Although macrophages (Inagaki-Ohara
et al., 2000; Morahan et al., 1978) and plasmacytoid dendritic cells (Lund et al., 2006) are
also present at this time during vaginal HSV-2 infection, these cells do not directly lyse
infected cells. Therefore, we felt that NK cell numbers would be a more relevant measure of
the innate anti-viral immune response to vaginal HSV infection. As was expected based on
our HSV titer data (Figure 2), we found that restraint stress significantly reduced the number
of NK cells in the vaginal tissue of infected mice (Figure 3).

Since only 10% of NK cells proliferate at peripheral sites (Vitale et al., 2004), the influx of
NK cells into an infected area is highly dependent on trafficking to these sites. Chronic
psychological stress has been shown to impair trafficking of other lymphoid cells, and may
be detrimental to NK cell trafficking as well. Another possibility is that impaired cytokine
production is limiting NK cell activation and recruitment. Specifically, IL-2, IL-12, and
IL-15 are required for NK cell responses (Ferlazzo et al., 2004; Moretta et al., 2006;
Puzanov et al., 1996), and the production of each of these cytokines has been shown to be
suppressed during chronic stress (Hunzeker et al., 2004; Sheridan et al., 1991).

A reduction in the number of NK cells may impair aspects of not only the innate immune
response but also the adaptive immune response, since NK cells can modulate the
developing dendritic cell (DC)-mediated immune response (Moretta et al., 2006). For
example, activated NK cells induce DC maturation (Vitale et al., 2005), increase IFN-α and
IL-6 production by plasmacytoid DC (Della Chiesa et al., 2006), and increase CD80
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expression by myeloid-derived DC (Gerosa et al., 2005). Therefore, reduced NK cell
numbers may impair DC-priming of naive T cells, thus indirectly contributing to an
impaired cell-mediated immune response.

Previous studies have shown that NK cell cytotoxicity is suppressed in mice experiencing
restraint stress. These findings were shown using popliteal lymph node-derived NK cells
during HSV footpad infection (Bonneau et al., 1991). Other viral infection models have
shown that restraint stress decreases NK cell activity in the spleen (Tseng et al., 2005; Welsh
et al., 2004) and at the site of infection (Hunzeker et al., 2004). Due to the technical
difficulties in obtaining enough vaginal-derived NK cells to conduct cytotoxicity assays, we
could not examine these cells in our model. However, we would expect that their function
was impaired in our model as well.

4.4 Restraint stress impairs ILN-derived T cell number and function
4.4.1 Restraint stress decreases ILN-derived HSV-specific T cell numbers—
The significantly decreased numbers of both total CD8+ T cells (Figure 4A) and CD8+ T
cells specific for gB498-505 peptide (Figure 4B) in the ILN could represent a failure of a
myriad of aspects of the immune response. During viral infection, antigen presenting cells
traffick to the nearest lymph node, where they activate naive T cells whose receptors
recognize the epitope being presented. Following this activation, antigen-specific T cells
greatly expand in number and migrate to the site of infection. As is explained above,
decreased numbers of NK cells may inhibit antigen presentation by DC, resulting in fewer
naive CD8+ T cells being activated. Impaired lymphocyte proliferation may also be
responsible for the decreased number of CD8+ T cells. Future studies will pinpoint which
one or more of these events are hindered in our stress model. In addition, it has long been
recognized that stress and associated increases in corticosterone lead to increased
lymphocyte apoptosis (Blewitt et al., 1983; Caron-Leslie et al., 1991; Cohen and Duke,
1984; Wyllie, 1980), an event which may also contribute to the reduced numbers of CD8+ T
cells.

4.4.2 Restraint stress decreases ILN-derived HSV-specific T cell function—
Although the number of CD8+ T cells is obviously important, the ability of these cells to
function is also necessary to efficiently clear an infection. We have determined that the peak
of the adaptive immune response in this model occurs at seven days post-infection (data not
shown). Due to the relatively small number of CTL in the vaginal tissue, and the need for
large numbers of cells to conduct these functional analyses, we were restricted to examining
only the CD8+ T cells derived from the iliac lymph nodes.

Lysosome degranulation, which can be measured by the expression of lysosomal-associated
membrane-protein-1 (CD107a), is a general indicator of CTL function. Upon T cell receptor
binding to a target cell presenting the appropriate peptide-MHC class I complex, CTL
lysosomes migrate to the CTL-target interface and release perforin and granzymes, thereby
exposing CD107a on their surface. Mice that were restrained during infection had
significantly fewer CD8+ T cells expressing CD107 (Figure 5A). Impaired degranulation
may result in failure to lyse infected target cells in an in vivo setting.

A second function of CTL is to produce IFN-γ, which augments the immune response by
activating neighboring immune cells, such as macrophages and NK cells. Similar to what we
observed in the degranulation assay, mice that were restrained had a lower number of CD8+

T cells that produced IFN-γ when stimulated with gB498-505 (Figure 5B). Although previous
studies demonstrated that the synthetic glucocorticoid dexamethasone inhibits IFN-γ
production by interfering with Stat4 transcription factor activities (Franchimont et al., 2000),
we observed no effect of stress on levels of IFN-γ in individual CD8+ cells. This finding
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indicated that IFN-γ production was not impaired on an individual cell basis. This
observation may be a function of the increased viral titers we observed in the vaginal washes
(Figure 2), thus increasing the antigenic load supplied to the ILN. Accordingly, the immune
response may have been augmented, thus compensating for any impaired transcription that
may have occurred.

4.5 Restraint stress decreases the number of HSV-specific T cells within the vaginal tissue
Using a flow cytometric-based method to quantify vaginal HSV-specific T cells allowed us
to focus on cells expressing not only the cell surface marker CD8, but also the gB498-505-
specific T cell receptor. Through this approach, we were able to determine the number of
these cells throughout the entire vagina, rather than in only discrete sections as a
microscopy-based approach would allow us to do. The significant decrease in the number of
gB498-505-specific CD8+ T cells (Figure 6D, 6F) could be the result of either poor trafficking
from the lymph node to the vagina or simply the consequence of poor expansion of T cells
in the lymph nodes (Figure 4). In models of delayed-type hypersensitivity and influenza
virus infection, chronic stress has been shown to suppress leukocyte trafficking (Dhabhar
and McEwen, 1999; Hermann et al., 1995). Our observed decrease in HSV-specific vaginal
CTL could result in increased disease progression and severity, and in humans may also
result in increased time that an individual is infectious. However, as we did not observe any
mortality in our studies, we suspect that the immune response, although suppressed, is still
above the threshold that is necessary for eventually clearing the infection.

The observation that total CD8+ T cells were not significantly reduced in vaginas of
restrained mice, (Figure 6B, 6C) could result from several possibilities. The CD8+ T cells
that are not specific for gB498-505 may be recognizing sub-dominant HSV-1 epitopes such as
RR1822-829 (Salvucci et al., 1995), or other undefined epitopes. However, the decreased
number of gB498-505-specific CD8+ T cells is of a greater concern, as these are the cells that
are likely necessary in eliminating the viral infection (Bonneau et al., 1993a).

4.6 Clinical implications
Although the studies described herein were conducted in a mouse model, they offer the
suggestion that psychological stress during human HSV-1 infection has important clinical
implications. At six days post-infection, virus was still detected in vaginal washes from
restrained mice only. Furthermore, at seven days post-infection, HSV-1 lesions were
observed only in the vaginal epithelium of mice that were experiencing restraint stress. As
these lesions are a source of progeny virus, the above findings suggest that psychological
stress increases the risk of horizontal transmission of HSV by increasing the length of time
during which an individual is infectious.

The increased levels of infectious virus in mice experiencing stress may result in a greater
number of latently infected neurons, and thus an increased incidence of virus reactivation.
This possibility is supported by studies which show that lowering the level of infectious
virus during primary HSV-1 infection through acyclovir therapy results in fewer neurons
harboring viral genome, fewer copies of the viral genome per neuron, and a lower
reactivation frequency (Sawtell et al., 2001). A more recent study demonstrated that
increasing the dose of a primary HSV-2 infection results in greater levels of latent virus
(Hoshino et al., 2008). Taking these findings into consideration, psychological stress at the
time of primary HSV-1 vaginal infection may ultimately result in an increased frequency
and severity of recurrent HSV infections.
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Figure 1.
Effect of restraint stress on HSV-1-induced vaginal pathology. Mice were infected
intravaginally with 5 × 106 pfu HSV-1. Control mice were mock-infected with phosphate-
buffered saline (PBS) (A, B). Food-and-water deprivation (C, D) or restraint stress (E, F)
began one day prior to infection and continued daily thereafter. Cross-sections (7 μm) were
observed at 10× (A, C, E) and 20× (B, D, F) using an Olympus IX81 deconvolution
microscope and QCapture software. A representative field is presented for each condition.
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Figure 2.
Effect of stress on the local control of vaginal HSV-1 infection. Mice were infected with 5 ×
106 pfu HSV-1. Restraint stress (open diamonds) began one day prior to infection and
continued daily thereafter; control mice were deprived of food and water (filled diamonds).
At two, four, and six days post-infection, mice were euthanized and vaginal washes were
collected and titered as described in the Materials and Methods. Means for each group are
indicated by dashed bars. n = 6-8 for all groups. * Significant difference (p < 0.05) between
indicated the groups.
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Figure 3.
Effect of restraint stress on NK cell numbers. Mice were subjected to restraint stress
(STRESS) or food-and-water deprivation (FWD) and infected with 5 × 106 pfu HSV-1.
Control mice were mock-infected with PBS. At two days post-infection, mice were
euthanized, and lymphocytes from the vaginal tissue were collected. The percentage of
CD3-NK1.1+ NK cells was determined via flow cytometry, and total numbers of NK cells
were quantified as described in the Materials and Methods. n = 4 for all groups. *
Significant difference (p < 0.05) between the indicated groups.
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Figure 4.
Effect of restraint stress on total and gB498-505-specific CD8+ T lymphocytes within the iliac
lymph nodes (ILN). Mice were subjected to restraint stress (STRESS) or food-and-water
deprivation (FWD) and infected with 5 × 106 pfu HSV-1. At seven days post-infection, mice
were euthanized and lymphocytes from the ILN were collected and quantified for CD8+ T
cells (A) and assessed for gB498-505-specificity (B). n = 8-12 for all groups. * Significant
difference (p < 0.05) between the indicated groups.
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Figure 5.
Effect of stress on CD8+ T cell function within the ILN. Mice were subjected to restraint
stress (STRESS) or food-and-water deprivation (FWD) and infected with 5 × 106 pfu
HSV-1. Seven days post-infection, mice were euthanized and lymphocytes from the ILN
were assessed for degranulation (A) or interferon-γ production (B) in response to
stimulation with gB498-505 peptide. Results are normalized within individual experiments,
and are expressed as the percentage of functioning cells in the HSV-1-infected, food-and-
water-deprived mice. n = 4-12 for all groups. * Significant difference (p < 0.01) between the
indicated groups.
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Figure 6.
Effect of stress on total and gB498-505-specific CD8+ T lymphocytes within vaginal tissue.
Mice were subjected to restraint stress (STRESS) or food-and-water deprivation (FWD) and
infected with 5 × 106 pfu HSV-1. Seven days post-infection, mice were euthanized and
lymphocytes from the vaginal tissue were collected and quantified for CD8+ T cells (A-D)
and assessed for gB498-505-specificity (E, F). In panel (E), the number of gB498-505-specific
CD8+ T cells is indicated as follows: PBS/FWD (shaded region) HSV/FWD (bold line) and
HSV/STRESS (thin line.) Vaginas from four mice were pooled. n = 3-6 pools for all groups
(12-24 mice total for each group). Results are normalized within individual experiments to
the number of functioning cells in HSV-1 infected, food-and-water deprived mice. *
Significant difference (p < 0.05) between the indicated groups.
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TABLE 1

The effects of restraint stress on viable cell numbers at day 7 post-infection

ILNa Vaginal tissueb

FWD/PBS 144 45 47.5 18.9

FWD/HSV 410 116 68.4 11.0

STRESS/HSV 268 42 58.8 15.8

a
Number of cells × 104 SEM. n = 8-12 for all groups

b
Number of cells × 104 SEM. n = 3-6 for all groups
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