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Summary

Allergic rhinitis (AR) is the fifth most common chronic disease, and the association between allergic
disorders and anxiety is well-documented. To investigate how anxiety and stressors modulate skin
prick test (SPT) responses and associated inflammatory responses, 28 men and women with AR were
selected by clinical history and skin test responses. The participants were admitted twice to a hospital
research unit for 4 hours in a crossover trial. Changes in SPT wheals were assessed before and after
a standardized laboratory speech stressor, as well as again the following morning; skin responses
assessed twice during a lab session without a stressor and again the following morning served as the
contrast condition. Anxiety heightened the magnitude of allergen-induced wheals following the
stressor. As anxiety increased, SPT wheal diameters increased after the stressor, compared to a slight
decrease following the control task. Anxiety also substantially enhanced the effects of stress on late
phase responses: even skin tests performed the day after the stressor reflected the continuing impact
of the speech stressor among the more anxious participants. Greater anxiety was associated with
more IL-6 production by Con A-stimulated leukocytes following the stressor compared to the control
visit. The data suggest that stress and anxiety can enhance and prolong AR symptoms.
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Stressful events that range from commonplace daily hassles to chronic calamities can produce
immune alterations that are consequential for health. Psychological stress can slow wound
healing, diminish the strength of immune responses to vaccines, enhance susceptibility to
infectious agents, and reactivate latent viruses (Glaser and Kiecolt-Glaser, 2005). Moreover,
stressful events and the distress that they evoke can also substantially augment the production
of proinflammatory cytokines that are associated with a spectrum of age-related diseases
(Kiecolt-Glaser et al., 2003). In this study we examined how stress and anxiety influenced skin
prick testing, a major diagnostic procedure and a clinically relevant surrogate for allergic
symptomatology in allergic rhinitis (AR) (Bernstein and Storms, 1995; Brown et al., 1979).

AR is a heterogeneous disorder in which nasal inflammation is induced by IgE-mediated mast
cell responses to specific allergens (Skoner, 2001). Stress and anxiety can augment humoral
immunity at the expense of cell-mediated immunity (Marshall, 2004b), providing a mechanism
through which stress can favor IgE production (Wu et al., 1991). Immunological changes
associated with stress, particularly the shift from T helper 1 (TH1) to T helper 2 (TH2) can
promote allergic responses in susceptible individuals; both cortisol and norepinephrine can
promote the TH1 to TH2 shift (Marshall, 2004b).

These stress-related endocrine and immune alterations may have clinical consequences for a
broad spectrum of allergic disorders including AR, the most common allergic disease, as well
as allergic asthma, atopic dermatitis (AD), contact dermatitis, allergic urticaria, and food
allergies. For example, both emotional distress and stressful events can magnify AD symptoms
(Buske-Kirschbaum et al., 2001); in one naturalistic study, AD patients living in earthquake-
damaged areas reported more AD symptoms than those who lived in nearby undamaged areas
(Kodama et al., 1999). The stress of school examinations augmented allergic responses to
inhaled allergens in asthmatic college students (Liu et al., 2002). In a prospective study,
negative life events increased children's risk of an asthma attack, and chronic stressors further
heightened that risk (Sandberg et al., 2000).

In accord with these data, Chen and Miller have argued that stress amplifies inflammatory
responses to environmental triggers to exacerbate asthma (Chen and Miller, 2007); their model
suggests that stressors appraised as threatening and unmanageable provoke negative emotional
responses which in turn sensitize the TH2 pathway and augment responses to environmental
triggers. Indeed, there is evidence that negative moods predicted poorer pulmonary function
in asthmatics (Ritz and Steptoe, 2000). Furthermore, among patients with asthma, the presence
of an anxiety disorder is a strong predictor of the number and frequency of respiratory
symptoms, which in turn have been robustly associated with emergency room visits and
hospitalizations (Richardson et al., 2006).

The fact that negative emotions appear to promote allergic inflammatory responses is
particularly important because of the well-documented association between allergic disorders
and anxiety and depression (Cuffel et al., 1999; Goodwin, 2002; Hart et al., 1995; Katon et al.,
2004). For example, in one study the odds of an anxiety disorder diagnosis were 1.41 times
higher among AR patients than those without AR (Cuffel et al., 1999); a number of researchers
have also reported appreciably higher levels of anxiety symptoms in allergic subjects than
nonallergic controls (Katon et al., 2004; Stauder and Kovacs, 2003). Worry and rumination
are key anxiety symptoms, and these kinds of perseverative cognitive patterns can promote
and prolong stress-related emational and physiological activation, both before and after
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stressors (Brosschot et al., 2006); moreover, anxious individuals evaluate stressors as more
threatening and uncontrollable than less anxious individuals (Brosschot et al., 2006). Thus,
both stress and anxiety could fuel allergic responses in AR.

Acute or early phase allergic responses typically occur within minutes of exposure and may
include sneezing and itching. However, the early phase response often progresses to a late
phase response 4-24 hours after initial exposure that can include nasal congestion, rhinorrhea/
postnasal drainage, fatigue, irritability, depressive symptoms, and declines in cognitive
functioning. These symptoms may persist for hours or days without the need for additional
allergen exposure (Marshall and Colon, 1993; Skoner, 2001). More persistent allergen
reactivity is clearly problematic both for patient symptoms as well as increasing risk for
comorbidities such as acute sinusitis and asthma exacerbation. Accordingly, psychosocial
influences on the late phase SPT were of particular interest in the present study.

To investigate how stressors and anxiety may modulate allergic symptoms, we utilized a
clinically relevant surrogate (Bernstein and Storms, 1995; Brown et al., 1979) by examining
changes in SPT responses before and after a lab stressor, as well as again the following morning.
Skin responses assessed twice during a lab session without a stressor and again the following
morning served as a contrast condition. By assessing both early and late phase responses, we
were able to evaluate both the immediate and extended impact of the brief stressor on SPTs.
Detailed endocrine and immune studies from both visits provided mechanistic information.
We hypothesized that anxiety would interact with the stressor to enhance both early and late
phase responses in more anxious subjects compared to those who were less anxious, as well
as amplifying various markers of inflammation.

Participants

Participants responded to ads seeking healthy individuals ages 18-40 who had a history of
seasonal nasal allergies (hay fever). Exclusion criteria included active allergy immunotherapy,
psychotropic medications, cardiovascular medications (statins, beta blockers, etc.), astemizole,
smoking, asthma, excessive alcohol use, illnesses with immunological or endocrinological
components other than allergy, or medications with obvious consequences for these systems
or for allergies. We restricted recent use of a number of allergy medications in accord with
recommendations designed to optimize skin testing results (Bernstein and Storms, 1995;
Niemeijer et al., 1993). Subjects were asked to refrain from use of vitamin C supplements for
at least 24 hours prior to all study sessions.

The screening visit included allergen skin tests and questionnaires. Subjects were selected for
participation in the study based on both clinical history and skin test responses.

The average age of the sample of 10 men and 18 women was 24.73 (SD=4.35, range=18-33);
22 were white, 4 were African American, and 2 were Asian. Twenty-six had at least some
college education. The Ohio State Biomedical Research Review Committee approved the
project; all subjects gave written informed consent prior to participation.

Two General Clinical Research Center (GCRC) Visits

The two GCRC laboratory sessions were scheduled at least 2 weeks apart (mean=38.72 days,
SD=45.74). Both visits followed the same timeline, differing only in the stressor/control
condition randomization for that visit; participants returned for a 1.5-hour follow-up GCRC
visit on the subsequent morning, and a 30 minute follow-up at 4:00 PM on both afternoons for
assessment of late phase responses from the morning skin tests.
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On arrival a heparin well was placed in one arm for subsequent serial blood draws. Participants
then ate a standardized breakfast (after fasting since midnight) and completed questionnaires.
Next they were told that the goal of the 30-min relaxation period was to become as relaxed as
possible; they could choose to either listen to soothing classical music, or sit quietly in silence.
After the relaxation period, participants provided blood and saliva samples, and a nurse
conducted the first of the two skin test batteries. The baseline skin test was followed by the
Trier Social Stress Test or a control task, a post-task skin test and blood and saliva sampling.

Each of these two 4-hour laboratory appointments thus included two skin tests using alternate
arms, as well as a third skin test the following morning. We provided a boxed lunch for
participants after their 4-hour and 1% -hour sessions.

The Trier Social Stress Test (TSST) and the Control Task

The TSST, a well-validated laboratory stressor, provokes reliable changes in cardiovascular
function, cortisol, catecholamines, and self-reported stress (Kirschbaum et al., 1993). Subjects
make a speech and perform mental arithmetic in front of an “audience” panel of 2-3 individuals.
For the speech, the participants were told to imagine that they had applied for a position and
had been invited to an interview by the selection committee; they had 10 minutes to prepare a
speech about why they would be best for the job, and 5 minutes to deliver the speech, followed
by a 5 minute serial subtraction task.

After providing a saliva sample, the participant was escorted to another experimental room
where they saw a microphone stand and video camera, and the audience panel. They were told
that at least one member of the panel was trained in behavioral observation, and would rate
their speech's content and style. Participants were also told that they would watch the videotape
of their speech, without anyone else present, to review the performance upon which the
committee would base their evaluations (Heffner et al., 2002).

The participant was taken back to the study room and responded to two stress appraisal
questions (Heffner et al., 2002; Tomaka et al., 1993), described below. The participant then
had 10 minutes to prepare for the speech; they could make written notes during this phase, but
notes could not be used for the speech.

Viewing of the videotape occurred immediately after the serial subtraction and was considered
part of the stress period. This self-observation procedure provided a way to further enhance
the threatening aspects of the stressor by augmenting evaluation apprehension (Heffner et al.,
2002), and also extended the stressor period by 10 minutes. After participants had watched
their speech and math videotape, they provided another saliva sample, and a nurse performed
a skin test. Ten minutes later, the participant provided another saliva sample.

Participants were debriefed at the end of the next day's follow-up appointment. They were told
that the committee was composed of project research assistants who were not actually
evaluating them, and no one had expertise in behavioral observation.

The control task—The control task served as the contrast condition for the TSST, with the
order of each counterbalanced across subjects. Participants silently read a magazine section
for 10 minutes before reading the same material out loud while being audiotaped. Afterwards
they listened to an audiotape, without anyone else present, of someone else reading the material.
They were told that they were being asked to read aloud and listen to the audiotape to control
for the effects of speaking and listening related to other experimental tasks; we emphasized
that their performance was not being evaluated.
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Psychological Data

State-Trait Anxiety Scale—The Spielberger State-Trait Anxiety Scale (STAI) is widely
used, has excellent norms, and is strong in terms of both reliability and validity (Spielberger
etal., 1970). The 20-item state anxiety measure, asks about how one feels at the moment, with
adjectives such as calm tense, at ease, and upset rated on a scale from 1-4. It was administered
at the beginning of each 4-hour session, before the interaction tasks were introduced; the
correlation between the two was r=.85, p<.0001, and thus we used the mean of the two
administrations as the summary anxiety measure for each subject.

Stress appraisals—Prior to the preparation phase, the participant responded on 7-point
Likert-type scales to two stress appraisal questions (Heffner et al., 2002; Tomaka et al.,
1993): “How threatened are you by the upcoming task?” and “How able are you to cope with
the task?” Stress appraisals were operationalized as the ratio of perceived threat (primary
appraisal) to coping (secondary appraisal) following the convention used in other studies
(Heffner et al., 2002; Tomaka et al., 1993).

Helplessness/control—Following the TSST or control task, subjects rated their feelings
of control and helplessness during these periods on a scale from 1-7 (Breier et al., 1987b):
“How much control did you feel you had during the tasks?” and “To what degree did you
experience feelings of helplessness during the tasks?” These ratings were combined to provide
a summary measure, with higher scores reflecting less control and greater helplessness.

Impact of Events Scale (IES)—The IES (Horowitz et al., 1979) assesses experiences of
avoidance and intrusion following a stressful experience. The avoidance items reflect attempts
to suppress thoughts about the experience, and the intrusion items address unintended thoughts.
Participants completed the IES when they returned the morning after each 4-hour visit, with
instructions to rate their thoughts about their recent visit, providing an assessment of
perseverative worry associated with a stressor.

Positive and Negative Affect Schedule (PANAS)—The PANAS includes two 10-item
mood scales (Watson et al., 1988). The positive and negative scales are largely uncorrelated,
and show good convergent and discriminant validity when related to state mood scales and
other variables (Watson et al., 1988). We used the PANAS to assess changes in affective
responses to the visits over time; in each session the first PANAS was administered after the
subject had eaten breakfast and had the heparin well inserted, the second followed the stressor,
the third was near the end of the session, after the final cortisol sample, and the fourth occurred
on the following morning, when the participant returned to the GCRC for their third skin prick
test.

Pittsburgh Sleep Quality Index (PSQI)—The PSQI, a self-rated questionnaire, assesses
sleep quality and disturbances over a one-month interval (Buysse et al., 1989). It has good
diagnostic sensitivity and specificity in distinguishing good and poor sleepers.

Assessments of Allergic Status and Responsiveness: Skin Tests

Skin prick tests (SPT) are widely used clinically (Bernstein and Storms, 1995; Brown et al.,
1979). We selected individuals who met SPT criteria for sensitivity to house dust mite,
Dermatophagoides pteronyssinus (Der P 1), because we wanted one common allergen across
subjects and we had Der P 1-specific assays. We also assessed allergic status to other common
allergens: ragweed, North American dust mite (Dermatophagoides farinae), mold mix, weed
mix, tree mix, grass mix, cat dander, and sagebrush.
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The battery was performed on the volar aspect of both forearms (alternating between tests)
using the DermaPIK (Corder and Wilson, 1995). Histamine served as the positive control to
verify the skin's ability to respond to inflammatory mediators (Bernstein and Storms, 1995),
and glycerinated saline was the negative control (Turkeltaub, 2000). The prick tests were
applied using a DermaPIK and read 20 minutes later by measuring the largest diameter of the
wheal (in mm). A wheal > 3 mm than the concurrent saline control provided evidence of an
allergen-specific IgE response (Bernstein and Storms, 1995); all SPT data are expressed as the
difference between the allergen response and the concurrent saline control. The nurses who
performed the tests and read results 20 minutes after application were blind to the subject's
assigned condition for the day.

Late phase reactions were assessed at 4:00 PM when subjects returned to the GCRC, as well
as when participants returned the next morning for follow-up (Bernstein and Storms, 1995).
Discrete measurement was not possible for many late phase reactions, because the
subcutaneous swelling from one or more allergens blended with others, creating a large swollen
area across multiple allergen sites; accordingly, we assessed the presence or absence of any
late phase responses.

Endocrine Data

Both cortisol and norepinephrine can promote the TH1 to TH2 shift that promotes allergic
responses in susceptible individuals (Marshall and Roy, 2007; Straub et al., 2001), and thus
were assessed in this study. Saliva was collected for cortisol assay using a salivette (Sarstedt,
Newton, North Carolina), an untreated sterile cotton roll placed in the subject's mouth for ~2
minutes to ensure saturation, at 8 time-points during the protocol: following the relaxation
period, after the initial skin test assessment, at the end of the TSST or control task preparation
period, at the end of the TSST or control task, at 10- and 20-minutes post-task, after the post-
task skin test assessment (approximately 30-minutes post-task), and prior to departure
(approximately 1 hour post-task). , Each subject's saliva samples were frozen after collection
and analyzed within the same assay using the Cortisol Coat-A-Count RIA (Siemens Medical
Solutions Diagnostics, Los Angeles); the intra-assay coefficient of variation is 4.3%, the inter-
assay coefficient of variation is 5.2%, and sensitivity is .025 ug/dl.

Plasma catecholamines were sampled 6 times during the protocol: following the relaxation
period, immediately after the task instructions, at the end of the TSST or control task
preparation period, at the end of the TSST or control task, 20-minutes post-task, and after the
post-task skin test assessment (approximately 30-minutes post-task). Plasma samples were
frozen at -70° C and assayed by HPLC with ElectroChemical Detection using Standards and
Chemistry (alumina extraction) from Thermo-Alko (Beverly, MA). The intra-assay variation
for norepinephrine is 3%, the inter-assay variation is 6%, and sensitivity is 15 pg/ml; the
respective figures for epinephrine are 6%, 13%, and 6 pg/ml.

Immunological Assays

Changes in IL-6 production across three assays provided data on the TH1 to TH2 shift. IL-6
changes following the TSST have been documented with each of the three assays below, and
thus it was our cytokine of choice for this study. Blood for IL-6 was sampled following the
relaxation period, immediately following the TSST or control task, and after the post-task skin
test assessment (approximately 30-minutes post-task).

Stimulated IL-6 Production—4x108 PBLs were isolated from whole blood preparations

and incubated at 37°C for 72 hours in 2 mls of RPMI-1640 media (Gibco) supplemented with
10% human male serum (Sigma) and 5ug/mL of Con A (Sigma) or 5ug/mL of der P1 (Greer
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Laboratories, Lenoir, NC). Control cells were also prepared in the same media but without the
Con A or der P1. The supernatants were harvested and frozen at -86°C until assayed for IL-6.

Dexamethasone Inhibition of LPS-stimulated IL-6 production—Ten mL heparinized
whole blood was transferred to a 15mL polypropylene tube and placed on a rotator for 10
minutes. After mixing, 1.8mL of blood was transferred to each of five polypropylene tubes.
Dexamethasone was added to 3 of the 5 tubes at a concentration of 0.1 uM, 0.5uM and 1uM.
Calcium, magnesium free phosphate buffered saline (CMF/PBS) was added to the positive and
negative control tubes. After incubation at room temperature for 15 minutes, LPS (Sigma) at
afinal concentration of 3ng/mL was added to each tube except the negative control tube; CMF/
PBS was added to the negative control tube. Two mL blood from each tube was put into wells
of 24-well plates and incubated at 37° C, 5% CO,, 92% humidity for 16-18 hours. After
incubating, the plates were centrifuged for 10 minutes at 2000 rpm. The supernatants were
removed and stored at -80°C until assayed for IL-6 production.

Plasma IL-6—IL-6 levels in plasma were determined using a Sector Imager (Meso Scale
Discovery) by electro-chemiluminescense. Standard curves using a range of .3 pg to 2500 pg
were employed to determine the level of IL-6 in each plasma sample.

Statistical Methods

Results

Unless stated otherwise, analyses consisted of mixed effect linear models fit to each dependent
variable. These models accounted for correlation in measurements from the same subject across
time and visits. Independent variables assessed in each model were visit (stress versus control),
mean baseline anxiety (henceforth “anxiety”), and time (where applicable), as well as their
interactions; gender and the baseline (pre-task) level of the dependent variable were included
as a covariates. Log-transformations were used where appropriate to better achieve normality
(cortisol, epinephrine, norepinephrine). Post hoc tests were performed to investigate significant
interactions and pairwise differences, using Holm's or Tukey's procedure as appropriate to
adjust for multiple comparisons. A two-sided significance level of alpha = 0.05 was used. All
analyses were performed in SAS® version 9.1.

Self-Report Data

State anxiety—Subjects' mean score on the state anxiety scale of the STAI (Spielberger et
al., 1970) was 32.50 (SD=7.81). STAI normative data for working adults (mean=35.72,
SD=10.40), college students (mean=35.20, SD=10.61), and patients with an anxiety disorder
(mean=54.43, SD=13.02) provide numbers for comparison purposes (Spielberger et al.,
1970). In addition, data from a large study of allergic respiratory diseases in a French population
(mean=39.71) (Annesi-Maesano et al., 2006), and a sample of Italian AR patients (mean=55.1)
(Addolorato et al., 1999) are in accord with the broader evidence of more clinical anxiety
disorders and higher levels of anxiety symptoms in allergic samples compared to nonallergic
controls (Cuffel et al., 1999; Katon et al., 2004; Stauder and Kovacs, 2003).

Stress appraisals—The ratio of perceived threat (primary appraisal) to coping (secondary
appraisal) (Heffner et al., 2002; Tomaka et al., 1993) was higher at the stress visit than at the
non-stress visit, and higher anxiety was associated with a higher ratio at the stress visit,
producing a significant anxiety by visit interaction, F(1,26)=4.66, p = .04.

Helplessness/Control—Subjects' ratings of their feelings of helplessness and lack of
control (Breier et al., 1987a) after the TSST or control task also produced a significant anxiety
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by visit interaction, F(1,26)=5.93, p=0.02. Subjects felt more helpless at the stress visit than
at the non-stress visit, and higher anxiety was associated with higher scores at the stress visit.

IES—Participants had more perseverative thoughts following the stress visit (mean=5.82,
SD=6.31) compared to the control visit (mean=3.48, SD=4.47), F(1,25)=6.68, p = .02, reflected
in higher IES scores. Although in the expected direction, the anxiety by visit interaction did
not reach significance, F(1,25)=3.03, p = .09.

PANAS—A repeated-measures cumulative logistic regression model was used to evaluate
PANAS negative affect scores, which ranged from 10 to 19 and were not normally distributed.
The time by visit interaction was significant for negative affect, X?(1)=4.32, p = .04. The
decrease in negative affect scores from post-task (time 2) to pre-discharge (time 3) was greater
at the stress visit than at the control visit (p = .03). The changes in negative affect from baseline
to post-task and from pre-discharge to day 2 did not differ significantly between visits. There
was also a significant anxiety effect, X2(1)=4.98, p = .03. For each unit increase in anxiety the
odds of having higher negative affect increased 12%.

Higher anxiety was marginally associated with lower positive affect, F(1,130)=3.54, p = .06.
This marginal anxiety effect did not differ by visit or time.

Health behaviors—More anxious individuals reported poorer sleep on the PSQI, F(1,27)
=21.36, p<.001. Anxiety was not related to frequency or duration of exercise, body mass index,
or caffeine or alcohol use.

Catecholamines and Cortisol

Consistent with past research, the TSST stimulated cortisol production, as seen in the visit by
time interaction for logyg salivary cortisol, F(6,296)=11.29, p <.001 (Figure 1a). The increase
in salivary cortisol from task preparation to post-task was greater at the stress visit than at the
control visit (adj p = .01).

There was a significant visit by time interaction for logyg epinephrine, F(4,198)=10.15, p <.
001 (Figure 1b). From after the task was explained (time 2) to just before the start of the task
(time 3) there was a larger increase in epinephrine at the stress visit than at the control visit
(adj p = .06). From just before the start of the task (time 3) to after the tape viewing (time 4),
epinephrine decreased at the stress visit and increased at the control visit (adj p < .001).
Although following much the same pattern as epinephrine, norepinephrine did not differ
significantly by anxiety, visit, time, or gender (Figure 1c).

Skin Prick Tests

Our average subject had 3.75 (SD=1.85) SPTs read as positive at baseline. Each subject's
positive SPT responses were averaged, providing a summary response across positive allergens
at each assessment point.

Changes in the mean saline-corrected skin test wheal produced a significant anxiety by visit
interaction F(1,77)=6.74, p = .01 (Figures 2a-d). Evaluated at each measurement time point
subsequent to the stressor/control task, the anxiety by visit interaction was significant at post-
task (adjusted p = .02) but not at day 2 (p = .98). At the post-task measurement higher anxiety
was associated with larger mean wheal size following the stressor and slightly smaller mean
wheal size following the control task. At day 2, higher anxiety was associated with larger mean
wheal size at both visits; this association did not differ by stress/control condition. Additionally,
males had larger wheals than females F(1,77)=7.69, p = .01, consistent with epidemiological
data (Turkeltaub, 2000). One subject with an outlying mean baseline anxiety of 56 was
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excluded from the mean wheal analysis due to highly influencing the model fit. The anxiety
by visit interaction for skin prick test results did not differ based on randomized order of visit
F(1,77)=0.02, p=.90.

Late Phase Responses

The mixed effect logistic regression model used for analysis of late phase responses
demonstrated a significant interaction between anxiety and visit, F(1,127)=6.70, p = .01
(Figures 3a-c). For every 5 point increase in anxiety, the odds of a late phase response increased
1.2 times at the stress visit and decreased 2.3 times at the control visit.

Immunological Data

The significant anxiety by visit interaction for Con A stimulated IL-6 production by PBLS
reflected the fact that higher anxiety was associated with lower IL-6 production at the control
visit compared to the stress visit after controlling for baseline, F(1,72)=4.33, p = .04 (Figures
4a-d). In further analyses that used Con A stimulated IL-6 at each time point (including
baseline) as the response variable and late phase response or wheal size as independent
variables, having a late phase response was associated with higher IL-6 production, F(1,118)
=8.55, p=.004. Also, larger wheal size was marginally associated with higher IL-6 production,
F(1,121)=3.61, p = .0598, and IL-6 production at 45 min was larger than at baseline, F(2,121)
=3.66, p = .03. Der P 1 stimulated IL-6 production, plasma IL-6 levels, and glucocorticoid
sensitivity showed no significant effects or interactions for anxiety, visit, or time.

Discussion

Anxiety heightened the magnitude of SPT wheals following the stressor. As anxiety increased
the SPT responses increased after the stressor, compared to a slight decrease following the
control task. Anxiety also enhanced the effects of stress on late phase responses; indeed, even
skin tests performed the day after the stressor reflected the continuing impact of the event
among the more anxious participants. The inflammation that occurs during late phase allergic
responses is thought to promote “priming” such that the dose of allergen required to elicit
subsequent acute responses substantially decreases (Skoner, 2001). Moreover, priming can
lead to hyperresponsiveness to other allergens as well as to nonspecific irritant triggers such
as smoke, exercise, and noxious odors; these effects can be particularly troublesome, because
the nonspecific triggers can then promote additional clinical symptoms even after allergen
exposure has ended (Skoner, 2001). Our data suggest that both stress and anxiety function to
enhance late phase SPT responses as well as some aspects of inflammation; accordingly, stress
and anxiety may also promote priming and hyperresponsiveness to irritant triggers as well as
to other allergens.

Late phase symptoms include postnasal drainage and nasal congestion, fatigue, drowsiness,
impairments in concentration, irritability, and disrupted sleep, and these symptoms interfere
with work and school performance as well as disrupting social interactions (Bender, 2005).
The evidence that stress and anxiety amplify late phase SPT responses has potential clinical
significance for AR patients. While the immediate phase symptoms can be readily treated or
even prevented in most patients with the use of antihistamines, late phase responses are poorly
responsive to antihistamine treatment (Marshall, 2004a). Our data suggest that the highly
anxious patient, after exposure to an acute stressor, can have increased immediate as well as
late phase responses that would be less responsive to first line therapies such as antihistamines.
If similar immune changes occur in other inflammatory diseases with acute stress superimposed
on chronic anxiety, this could account (at least in part) for the known association between stress
and adverse clinical reactions such as asthma exacerbation, autoimmune disease exacerbation
and even acute cardiovascular events.
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AR symptoms can substantially disrupt sleep, enhancing AR-associated fatigue. Importantly,
sleep deprivation can exacerbate allergic responses in turn; one study showed that AR patients
had substantially greater wheal responses and IgE production following a night of sleep
deprivation than after a rested baseline (Kimata, 2002). Furthermore, in our study more anxious
participants reported poorer sleep than those who were less anxious, an expected finding
because poorer sleep is a common anxiety symptom. Thus, sleep disruption provides another
important avenue through which stress and anxiety can intensify AR symptoms.

Compared to those who were less anxious, more anxious participants felt more threatened by
the speech stressor; afterwards they felt less in control and more helpless, and their PBLs had
greater Con A-stimulated IL-6 production compared to the control condition. Moreover, having
a late phase response was associated with higher IL-6 production. Relatedly, in another study
asthmatic children who reported lower levels of perceived control had higher levels of asthma-
relevant Th2 stimulated cytokine production, including IL-4, IL-5, and IL-13 (Griffin and
Chen, 2006). Stressors that engender feelings of helplessness and lack of control augment and
prolong psychological and physiological stress responses (Breier et al., 1987b; Brosschot et
al., 2005); anxious individuals who worry more about negative outcomes are particularly
susceptible because they have stronger anticipatory responses as well as slower recovery than
those who are less anxious (Brosschot et al., 2005).

The probability of experiencing a late phase skin increased with the level of anxiety; indeed,
in contrast to the immediate wheal diameter which was only different immediately post task,
the late phase response was related to anxiety levels over the entire period of the experiment.
This is not surprising given the increased inflammatory milieu associated with a late phase
allergic response that is predominantly TH2 in nature, and the fact that TH2 predominance is
enhanced by stress (Agarwal and Marshall, 1998; Marshall et al., 1998).

The fact that neither glucocorticoid resistance nor plasma IL-6 levels were related to either
anxiety or stress is likely a function of the timing of the samples; the blood samples for these
assays were drawn 45 minutes after the stressor. Stress- and distress-related differences in these
assays are amplified 1.5-2 hours after stressors like the TSST (Pace et al., 2006; Steptoe et al.,
2007).

One limitation of our study is the relatively low level of anxiety symptoms in our sample, which
were well below those of clinical anxiety disorders. Indeed, in samples of AR patients seeking
allergy treatment, the mean STAI anxiety scores were higher than those of our participants
(Addolorato et al., 1999; Annesi-Maesano et al., 2006), consistent with the over-representation
of clinical anxiety disorders in AR populations (Cuffel et al., 1999). Accordingly, our data are
likely to underestimate the actual contribution of anxiety to AR symptoms, particularly in
patients with clinically active disease.

In fact, even in our relatively small sample in which anxiety was in the normative range, we
found that participants who were more anxious showed larger increases in negative affect than
less anxious participants; this finding may be particularly relevant given the well-documented
association between depression and allergic disorders (Goodwin et al., 2006; Kovacs et al.,
2003; Meggs et al., 2001; Wamboldt et al., 2000). We did not conduct formal mental health
assessments of subjects, and we limited exclusionary criteria in this regard to the absence of
current psychotropic medications, so we do not know if any of our subjects had experienced
syndromal mood disorders.

This study did not specifically assess the effects of an acute stressor on clinical symptoms. This
was by design because clinical symptomatology can vary between individuals as well as within
an individual from day to day based upon many factors in addition to their level of stress. By
doing SPT measurements in participants who were currently asymptomatic, we avoided the
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complication of interpreting subjective clinical symptoms such as stuffiness or congestion in
the context of anxiety and stress responses. SPTs can be a reliable surrogate; both total and
specific IgE and allergic symptomatology correlate with reactivity to skin tests (Brown et al.,
1979); indeed, correspondence between skin tests and inhalation challenge varies from 60-90%
(Bernstein and Storms, 1995). Moreover, our data complement and extend the finding that the
stress of academic examinations can augment allergic responses to inhaled allergens in
asthmatics (Liu et al., 2002).

The allergic patient provides one of the most relevant and translatable models for studying the
effects of various forms of stress, both acute and chronic, on complex immunoregulatory
mechanisms (Marshall and Roy, 2007). The mast cell is a fundamental component of innate
host defense, being able to respond to challenge in a matter of minutes. Its activity is made
much more efficient by arming with allergen specific IgE via high affinity receptors (F.eR1).
Both IgE and its receptor are produced under the control of TH2 cytokines such as IL-4. Stress
has been associated with elevated IgE levels (Buske-Kirschbaum et al., 2004; Wright et al.,
2004), and our SPT responses provided evidence of the ability of stress and anxiety to modulate
allergen-specific IgE response. Of note, elevated IgE levels have been shown to be independent
risk factors for allergic conditions such as asthma and atopic dermatitis (Wright, 2005), both
of which are more prevalent in patients with underlying AR. However, it is the late phase
response that is associated with higher morbidity in virtually all allergic syndromes including
those of the nose (AR), lungs (asthma) and skin (atopic dermatitis).

AR has a substantial public health impact; it is the fifth most common chronic disease, affecting
10-30% of adults and up to 40% of children in the United States, and the prevalence of AR
appears to be increasing worldwide (Skoner, 2001). Estimates of the medical costs associated
with AR are $3.4 billion ($2.3 billion in medications and $1.1 billion in physician billings),
not including the 3.5 million workdays and 154 million in wages lost because of seasonal nasal
allergies (Storms et al., 1997).

However, the public health burden is actually much greater than suggested by these numbers,
because AR is associated with a number of other allergic diseases, including asthma
rhinosinusitis; survey data suggest that 38% of AR patients have coexisting asthma, and 78%
of asthma patients have AR (Nathan, 2007). Improvement in AR can promote positive changes
in asthma; conversely, deterioration in AR can worsen asthma (Nathan, 2007). Thus, by
enhancing and prolonging allergic responses, stress and anxiety substantially impact public
health.

The data also have implications for clinical practice. Indeed, these results should alert
practitioners and patients alike to the adverse effects of stress and anxiety on allergic reactions
in the nose, chest, skin and other organs that may seemingly resolve within a few minutes to
hours after starting, but may reappear the next day when least expected. The evidence that
anxiety fuels stress-related changes suggests that more systematic assessment of allergic
patients for comorbid anxiety disorders might be in order. Indeed, management-based
interventions (psychological, pharmacological) that target various forms of stress could be
rapidly (minutes to hours) evaluated for their clinical potential by testing the impact of a given
intervention on the immediate and late phase skin test responses. This would be a relevant
surrogate system for testing the mitigating effects of such interventions on the clinical course
of allergic disease activity. Further studies with this model in patients with other allergic
diseases would allow investigations into the effects of anxiety and stress on various
inflammatory cascades known to exist in the allergic response, as well as specific effects on
individual cells and molecules.
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Unadjusted mean (x SEM) cortisol (1a), epinephrine (1b), and norepinephrine (1c) levels

through the admission as a function of stressor (TSST) or control condition assignment for the
day. Data are logyg-transformed. The shaded portion indicates the interval for the stressor or
control tasks. The TSST significantly stimulated cortisol and epinephrine production, as seen
in the significant visit by time interactions for both, while the interaction was not significant

for norepinephrine.
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Mean wheal diameter for all positive allergens as a function of anxiety, plotted separately by
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(2c,d) the GCRC session; all SPT data are expressed as the difference between the allergen
response and the concurrent saline control. Plotted points are unadjusted wheal diameter
observations and lines are baseline-adjusted regressions of mean wheal on anxiety. Anxiety
heightened the magnitude of SPT wheals following the stressor, and higher anxiety was
associated with larger wheals on the day after both the stressor and control tasks.
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Figures 3a-c.
The probability of late phase responses following allergen skin tests as a function of anxiety

and stress or control condition. Skin tests were performed (3a) before the stressor or control
tasks, (3b) immediately after the stressor or control tasks, and (3c) the morning following the
GCRC stressor or control session as a function of stress or control condition and anxiety. These
responses develop 6-8 hours following challenge, and thus skin tests performed before the
stressor could still be influenced by it. Anxiety enhanced the effects of stress on late phase
responses at each of the three time points.
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Con A stimulated I1L-6 production as a function of baseline anxiety, plotted separately by stress
or control condition immediately following (4a,b) and 45 minutes after (4c,d) the stressor or
control task. Plotted points are unadjusted IL-6 observations and lines are baseline-adjusted
regressions of IL-6 on anxiety. Higher anxiety was associated with lower IL-6 production at
the control visit compared to the stress visit after controlling for baseline.
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