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4.1 Stress and Inflammation

Much research linking stress and immune function has focused on inflammatory
processes. Although inflammation is an essential immune response to infection or
injury, exaggerated and/or chronic elevations in inflammatory proteins are detri-
mental to health. Indeed, inflammation contributes to risk and severity of chronic
health conditions including cardiovascular disease, arthritis, diabetes, inflammatory
bowel disease, periodontal disease, certain cancers, and age-related functional
decline (Hamerman et al. 1999; Ershler and Keller 2000, Bruunsgaard et al. 2001;
Black and Garbutt 2002; Ishihara and Hirano 2002). Via neuroendocrine pathways,
psychological stress directly promotes elevations in circulating inflammatory
proteins and primes the immune system to exhibit exaggerated inflammatory responses
when faced with an immune challenge (e.g., exposure to an infectious agent).
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Caregiving provides an important model for assessing the effects of chronic
stress on health; individuals who provide care for loved ones with chronic medical
conditions, such as a spouse with dementia, commonly experience long-term stress
characterized by significant life change and social isolation. We found that the
chronic stress of caregiving exacerbated typical age-related increases in the proin-
flammatory cytokine interleukin(IL)-6; caregivers experienced fourfold greater
increases in IL-6 in a 6-year longitudinal study compared to controls (Kiecolt-
Glaser et al. 2003). Thus, stress accelerated this aspect of the aging process and
increased risk for age-related diseases as already mentioned.

Proinflammatory cytokines also rise in response to acute stressors such as being
told that one is laid off or having an argument. Indeed, relatively minor and brief
laboratory stress tasks, such as public speaking, result in increases in circulating
inflammatory markers (Steptoe et al. 2001; Brydon et al. 2004). The magnitude of
inflammatory response seen following objective stressors is not necessarily pre-
dicted by subjective perceptions of stress (e.g., Brydon et al. 2004).

Importantly, repeated exposure to a stressor may not lead to habituation of inflam-
matory responses. For example, healthy middle-aged men were exposed to the same
laboratory stressor involving public speaking three times with 1-week intervals
between sessions. Although cortisol and blood pressure reactivity to the task habitu-
ated over time, stress-induced elevations in IL-6 were equivalent across visits (von
Kanel et al. 2005). Thus, exposure to relatively minor but recurrent stress in daily life
may contribute to morbidity and mortality by promoting inflammation.

In addition to directly promoting elevations in inflammatory markers, chronic
stress and depressive symptoms can also “prime” the immune system to show an
exaggerated inflammatory response upon exposure to psychological stressors and
biological challenges (Anisman et al. 1999; Maes 1995; 1999; Glaser et al. 2003,
Johnson et al. 2002; Maes et al. 2001; Stark et al. 2002; Avitsur et al. 2005; Quan
et al. 2001; LeMay et al. 1990; Zhou et al. 1993). For example, rats exposed to
repeated stressors mount exaggerated inflammatory responses upon exposure to an
antigen in vivo and by cells stimulated in vitro (Johnson et al. 2002; Stark et al.
2002; Avitsur et al. 2005). Similarly, we have shown that, among older adults
(Glaser et al. 2003) as well as healthy pregnant women (Christian et al. 2010),
greater depressive symptoms predicted greater inflammatory responses to a chal-
lenge with an influenza virus vaccine.

In sum, stress as well as psychological distress (e.g., depressive symptoms) can pro-
mote inflammation directly, and prime the immune system to show an exaggerated
inflammatory response when challenged. Via these pathways, exposure to chronic psy-
chological stress as well as minor but repeated stressors may ultimately contribute to risk
of a variety of health conditions for which inflammatory processes are implicated.

4.2 Stress and Wound Healing

The skin provides the body’s first line of immune defense by providing a physical
barrier against invasion by pathogens as well as antigens and limiting the movement
of water in and out of the body (Elias 2005; Marks 2004). Thus, the integrity of the
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skin and the ability of the skin to heal quickly following injury are important mea-
sures of immune competence. When tissue damage occurs in healthy people, heal-
ing progresses sequentially through three overlapping phases: inflammation,
proliferation, and remodeling (Baum and Arpey 2005; Singer and Clark 1999).
Success in later phases is highly dependent on preceding phases. A variety of stres-
sors can delay wound healing in humans and there is evidence that this is mediated,
in part, by effects of stress on the inflammatory stage of the healing process.

In one study, we found that women experiencing the chronic stress of caregiving
for a spouse with dementia required 24% longer to heal a small standardized punch
biopsy wound than controls (Kiecolt-Glaser et al. 1995). Similarly, dental students
who received mucosal punch biopsy wounds in the hard palate healed an average of
40% more slowly during an academic examination period than during a vacation
period, which was rated as less stressful by participants (Marucha et al. 1998). Stress
of an even shorter duration has measurable effects on healing (Fig. 4.1). In a study
of married couples, participants healed more slowly when they completed a 30-min
conflictive interaction with their spouses in a laboratory setting than when they
completed a supportive interaction (Kiecolt-Glaser et al. 2005). Those who demon-
strated consistently high levels of hostile behavior during both interactions healed
wounds at 60% of the rate of low-hostile individuals.
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Each of the studies described above also provides evidence that stress disrupts
the inflammatory stage of healing; in this context, a robust local inflammatory
response is beneficial. Among married couples, decreased production of three key
cytokines — IL-6, IL-1p, and TNF-o. — was observed at the wound site following the
conflictive compared to supportive interaction. Similarly, compared to controls, cir-
culating peripheral blood leukocytes (PBLs) from caregivers expressed less IL-1[-
encoded messenger RNA (mRNA) in response to lipopolysaccharide (LPS)
stimulation (Kiecolt-Glaser et al. 1995). Finally, in the study with dental students,
production of IL-13 mRNA by LPS-stimulated PBLs was lower in every dental
student during exams compared to vacation.

In addition to studies of wound healing, effects of stress on skin function can also
be assessed using tape stripping, a minimally invasive procedure. Through repeated
applications of cellophane tape, commonly to the forearm, a layer of epithelial skin
cells is removed from the outermost layer (stratum corneum) causing mild skin
barrier disruption. Tape stripping impairs the skin’s ability to regulate moisture,
resulting in greater transepidermal water loss (TEWL) (Marks 2004). Skin barrier
recovery can be quantified by measuring changes in TEWL over time.

Several studies have demonstrated that stress slows skin barrier recovery follow-
ing tape stripping. Dental students recovered significantly more slowly when
assessed during academic exams as compared to vacation with approximately 30%
versus 45% recovery at 3 h following tape stripping (Garg et al. 2000). Brief labora-
tory stressors such as public speaking also reduce the speed of skin barrier recovery
by 10-15% (Altemus et al. 2001; Robles 2007).

The magnitude to which the same stressor exerts an impact on healing may differ
across individuals. Dental students reporting the greatest stress during academic
exams showed the greatest decrements in skin barrier recovery following tape strip-
ping (Garg et al. 2000). Conversely, certain traits may buffer individuals from nega-
tive effects of stress; individuals high in trait positive affect did not show decrements
in skin barrier recovery upon exposure to an acute laboratory stressor, although
decrements were seen among those low in trait positive affect (Robles et al. 2009).

Together, data from these studies show that objective stressors ranging from
chronic (e.g., caregiving) to acute (e.g., brief laboratory task) significantly impact
healing and skin barrier recovery. Further, subjective ratings of stress as well as
individual characteristics (e.g., hostility, trait positive affect) can affect the magni-
tude of such effects. Thus, although the experience of objective stressors affects
healing, coping abilities, and personality characteristics that promote resilience may
buffer such effects, making some individuals less susceptible to stress-induced dec-
rements in healing.

4.3  Stress and Infectious Agents

Central to immune function is the ability to respond quickly and adequately in
response to infectious agents. As described below, it is well established that stress
not only makes individuals more susceptible to illness after exposure to infectious
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agents, but can also inhibit the antibody and virus-specific T-cell response to vac-
cines and can induce the reactivation of latent herpes viruses.

4.3.1 Vaccination Studies

Psychological stress predicted poorer immune responses to vaccines including
influenza, pneumococcal pneumonia, hepatitis B (Hep B), and meningococcal C
(Glaser et al. 1998, 2000; Kiecolt-Glaser et al. 1996; Vedhara et al. 1999, Phillips
et al. 2005; Burns et al. 2002, 2003; Glaser et al. 1992; Miller et al. 2004; Christian
et al. 2009; Cohen et al. 2001; Pedersen et al. 2009). This can result in inadequate
protection upon exposure to the infectious agent of interest (Couch and Kasel 1983).
Poor antibody responses to a bacterial vaccine (pneumococcus) and poor antibody
and virus-specific T-cell responses to viral vaccines (influenza and Hepatitis B) also
serve as a marker of diminished immune function in general, which may have impli-
cations beyond vulnerability to a specific infectious illness (Kiecolt-Glaser et al.
1996).

Effects of caregiving stress on antibody responses to influenza virus vaccina-
tion have been demonstrated by our group and others in elderly and nonelderly
caregivers (Fig. 4.2) (Vedhara et al. 1999, 2002; Glaser et al. 1998; Kiecolt-Glaser
et al. 1996; Segerstrom et al. 2008). In addition, greater perceived stress and more
frequent stressful life events have been associated with lower antibody responses
and poorer maintenance of antibody levels following influenza vaccination among
young adults (Phillips et al. 2005; Burns et al. 2003; Miller et al. 2004). A recent
meta-analysis of 13 studies concluded that the effect of stress on antibody
responses to influenza virus vaccination corresponded to adequate antibody
responses among 41% of stressed individuals versus 59% of less stressed

individuals with similar effects among older and younger adults (Pedersen
et al. 2009).
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Life stress has also been associated with poorer maintenance of antibody levels
against a pneumococcus vaccine (Glaser et al. 2000), poorer seroconversion and
maintenance of antibody against Hep B (Burns et al. 2002; Glaser et al. 1992), and
slower antibody responses to meningococcal C vaccination (Phillips et al. 2005).
Although detailed coverage of neuroendocrine mechanisms underlying these asso-
ciations is beyond the scope of the current chapter, animal models demonstrate mul-
tiple effects of glucocorticoid hormones on cell-trafficking, and production of
proinflammatory cytokines and chemokines which contribute to these effects (for
review see Godbout and Glaser 2006; Padgett and Glaser 2003).

4.3.2 Infectious lliness

Stress affects susceptibility, severity, and duration of infectious illnesses including
influenza and the common cold virus. A number of naturalistic studies have reported
associations between stress and frequency of infectious illness (e.g., Turner-Cobb
and Steptoe 1996; Graham et al. 1986). However, the strongest evidence of effects
of stress on infectious illness comes from controlled laboratory studies in which
participants have been exposed to infectious agents. In a key study, Cohen and col-
leagues demonstrated that self-reported stress predicted susceptibility to respiratory
viruses in a dose-response manner. Healthy subjects were exposed to one of five
respiratory viruses, quarantined, and assessed for respiratory symptoms and virus-
specific antibody titers. Those reporting greater stress (a composite measure of
major life events, perceptions of stress, and negative affect) showed greater likeli-
hood of developing respiratory infections as well as clinically defined colds (Cohen
et al. 1991). This effect was found across each of the five types of virus strains, and
the effect remained after controlling for numerous potential confounding factors.
Subsequent research from the same laboratory demonstrated that chronic life stress
lasting 1 month or longer is key to such effects (Cohen et al. 1998).

Individuals who experience greater physiological reactivity when facing stress-
ful situations may be more vulnerable to infectious illness. Among 115 healthy
individuals, those who showed larger cortisol responses to a laboratory stressor
experienced greater risk of developing clinically verified colds under conditions of
higher stress (Cohen et al. 2002). Stress level was unrelated to risk of colds among
those showing smaller cortisol responses to acute stress.

In addition to affecting risk of illness, stress can affect symptom severity in part by
causing dysregulation of inflammatory responses. In a study of people experimentally
exposed to an influenza virus, those reporting higher stress experienced greater symp-
toms of illness, greater mucus weight, as well as greater inflammatory responses to the
infection, as indicated by higher IL-6 levels in nasal secretions (Cohen et al. 1999).

4.3.3 Latent Viruses

After exposure to most infectious agents, the immune system clears the body of the
pathogen. However, some viruses become cell associated after primary infection,
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where they remain for life. This is known as latency. These include herpes viruses,
such as herpes simplex virus (HSV) I and II, varicella-zoster virus (VZV), Epstein-
Barr virus (EBV), and cytomegalovirus (CMV). One of the most prevalent latent
viruses, EBV, is carried by more than 95% of the adult North American population
(Wolf and Morag 1998). Reactivation of latent EBV typically causes little or no
symptoms in healthy individuals (Hess 2004). For example, reactivation of HSV I
or II can cause cold sores (Bystricka and Russ 2005). However, in some instances,
severe symptoms can result as is the case of VZV reactivation which can cause
shingles (Quinlivan and Breuer 2006). Even in the absence of clinical disease, reac-
tivation of a latent virus provides a sensitive marker for impairment/deficiencies in
cell-mediated immunity. Thus, studies of viral latency and viral-specific markers
can provide clinically relevant information even among asymptomatic individuals.

As seen with other markers of immune dysfunction such as virus-specific anti-
body titers, caregivers show more evidence of reactivation of latent viruses includ-
ing EBV and HSV-1 compared to well-matched controls (Kiecolt-Glaser et al. 1991;
Glaser and Kiecolt-Glaser 1997). The stress associated with disruption of signifi-
cant relationships also affects viral latency. Women who were recently divorced or
separated showed poorer control of latent EBV than demographically matched mar-
ried women (Kiecolt-Glaser et al. 1987). Similarly, men who were unsatisfied in
their marriage had higher levels of EBV antibody titers than their happily married
counterparts (Kiecolt-Glaser et al. 1988).

Stressors of a more transient nature also affect viral latency. In prospective stud-
ies, medical students exhibited higher EBV, HSV-1, and CMV antibody titers on the
day of an academic examination, as compared to several weeks before or after the
exam (Glaser et al. 1985, 1999; Sarid et al. 2001).

In addition to effects of objective stressors, psychological factors have been asso-
ciated with immune control of latent virus. Higher levels of EB V-specific antibodies
are reported among those with a greater tendency to repress their emotions (Esterling
et al. 1990), higher levels of anxiety (Esterling et al. 1993), and greater loneliness
(Glaser et al. 1985). Similarly, individuals with syndromal or subsyndromal symp-
toms of depression have shown higher levels of HSV-1 antibody and poorer VZV-
specific T-cell immunity than those without depressive symptoms (Delisi et al.
1986; Robertson et al. 1993; Irwin et al. 1998). Conversely, among older women
undergoing the stressor of housing relocation, higher self-reported vigor was associ-
ated with better immune control of latent EBV (Lutgendorf et al. 2001). Thus, in
addition to objective stressors, certain psychological characteristics (e.g., mood,
ways of coping) may affect immune control of latent viruses. Physiological mecha-
nisms by which stress may impair control of latent viruses include impairment of
cytotoxic and proliferative T-cells responses (Glaser et al. 1987, 1993).

4.4 Interventions

Given the clear negative impact of stress on immune parameters, interventions address-
ing stress from a psychosocial, physical, nutritional/dietary, and pharmacological per-
spective are receiving attention (see also chapters in Part V of this volume).
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Stress management groups which involve elements of social support, emotional
disclosure, and a focus on problem solving have improved antibody responses to
influenza vaccination among caregivers (Vedhara et al. 2003) and immune control
of latent viruses among HIV-infected (Lutgendorf et al. 1997; Esterling et al. 1992;
Carrico et al. 2005; Cruess et al. 2000). In addition, stress reduction through relax-
ation training improved immune control of latent HSV-1 among older adults
(Kiecolt-Glaser et al. 1985). Among healthy adults, an 8-week meditation interven-
tion prior to influenza vaccination resulted in better antibody responses as compared
to a waiting-list control group (Davidson et al. 2003). A 16-week Tai Chi interven-
tion, which involves physical activity as well as meditation, improved mental health
and antibody responses to VZV vaccine among older adults (Irwin et al. 2007). We
found that regular practice of yoga, which also involves elements of meditation and
physical activity, is associated with reduced proinflammatory cytokine activity;
compared to women with a regular yoga practice, women with limited yoga experi-
ence had 41% higher IL-6 levels, 4.75 times greater likelihood of detectable CRP
levels, and greater stress-induced in vitro cytokine production (Kiecolt-Glaser et al.
2010). Similarly, a study of mindfulness-based stress reduction for breast cancer
patients, which included elements of meditation and gentle yoga, demonstrated
improvements in mood, reductions in perceived stress, and beneficial immunologi-
cal changes including decreased production of inflammatory cytokines and increased
production of anti-inflammatory cytokines by stimulated T-cells (Carlson et al.
2003).

Other research has examined the ability of physical/acrobic exercise to foster
immune responses: Older adults who completed a 3-month aerobic exercise inter-
vention healed standard punch biopsy wounds 25% more quickly than did their less
active counterparts (Emery et al. 2005).

Another important avenue for counteracting or preventing the negative effects
of psychological stress is diet. Among others, omega-3 (n-3) polyunsaturated fatty
acids (PUFAs) are an important dietary factor for mood and immune function. Due
to their inhibitory effects on proinflammatory cytokine production (Logan 2003),
higher n-3 PUFA levels are related to lower levels of circulating proinflammatory
cytokines (Ferrucci et al. 2006; Kiecolt-Glaser et al. 2007). Via effects of inflam-
matory processes, n-3 supplementation may help to prevent stress-induced depres-
sive symptoms (for review, see Parker et al. 2006). Nutritional and further
pharmacological interventions warrant further investigation to reduce and modu-
late stress-dependent negative effects on distinct immune functions (see also Chaps.
29 and 30).

In sum, a variety of interventions show promise for counteracting the negative
effects of psychological stress. The particular intervention (i.e., stress manage-
ment, physical activity, meditation) which is most beneficial likely depends on the
outcome of interest, type of stressors experienced, as well as personality character-
istics and preexisting behaviors of the person in question. An emphasis of future
research should be on targeted, individualized risk assessments and interventions.
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4.5 From Daily Life to Space Travel

Clearly, daily life stressors ranging in magnitude and duration affect clinically
meaningful health outcomes including inflammatory processes, wound healing, and
responses to infectious agents and other immune challenges (e.g., vaccination).
Individuals vary in their ability to cope with stress, and differences in perceptions of
stress, mood (e.g., depressive symptoms), and personality (e.g., hostility) can modify
the magnitude to which stressors exert a negative influence on immune function.
Research provides support for several promising avenues for interventions to pre-
vent stress-induced immune dysregulation. However, more information is needed to
provide individualized intervention strategies.

Space travel presents an exceptional and intense combination of physical and psy-
chological challenges. It provides a unique opportunity to examine the susceptibility
of the human body to stress and to explore interventions promoting psychological and
physiological resilience. Thus, studies of daily life stress inform our understanding of
potential impacts of the stressors of space travel. In turn, studies of stressors encoun-
tered in space travel can also benefit our understanding of stress in our daily lives.
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