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Abstract

Rationale: Stress is associated with asthma morbidity in
Puerto Ricans (PRs), who have reduced bronchodilator response
(BDR).

Objectives: To examine whether stress and/or a gene regulating
anxiety (ADCYAP1R1) is associated with BDR in PR and non-PR
children with asthma.

Methods: This was a cross-sectional study of stress and BDR
(percent change in FEV1 after BD) in 234 PRs ages 9–14 years with
asthma. We assessed child stress using the Checklist of Children’s
Distress Symptoms, and maternal stress using the Perceived
Stress Scale. Replication analyses were conducted in two cohorts.
Polymorphisms inADCYAP1R1were genotyped in our study and six
replication studies. Multivariable models of stress and BDR were
adjusted for age, sex, income, environmental tobacco smoke, and
use of inhaled corticosteroids.

Measurements and Main Results: High child stress was
associated with reduced BDR in three cohorts. PR children who
were highly stressed (upper quartile, Checklist of Children’s
Distress Symptoms) and whose mothers had high stress (upper
quartile, Perceived Stress Scale) had a BDR that was 10.2% (95%
confidence interval, 6.1–14.2%) lower than children who had
neither high stress nor a highly stressed mother. A polymorphism
in ADCYAP1R1 (rs34548976) was associated with reduced
BDR. This single-nucleotide polymorphism is associated with
reduced expression of the gene for the b2-adrenergic receptor
(ADRB2) in CD41 lymphocytes of subjects with asthma, and it

affects brain connectivity of the amygdala and the insula
(a biomarker of anxiety).

Conclusions: High child stress and an ADCYAP1R1 single-
nucleotide polymorphism are associated with reduced BDR in
children with asthma. This is likely caused by down-regulation of
ADRB2 in highly stressed children.

Keywords: asthma; Puerto Ricans; bronchodilator response; stress

At a Glance Commentary

Scientific Knowledge on the Subject: Psychosocial
stress is both common and associated with asthma
morbidity among Puerto Ricans, who are known to have
reduced responsiveness to short-acting inhaled b2-agonists
(bronchodilator response [BDR]). Chronic stress has been
linked to reduced expression of ADRB2 in leukocytes of
children with asthma.

What This Study Adds to the Field: We found that high
levels of child and household stress are associated with lower
BDR in children with asthma.We also show that a polymorphism
upstream of ADCYAP1R1 (a susceptibility gene for post-
traumatic stress disorder and anxiety) is associated with reduced
BDR in children with asthma, reduced expression of ADRB2
in CD41 lymphocytes of subjects with asthma, and functional
brain connectivity of the amygdala and insula (a biomarker of
anxiety) in inner-city adults.

Asthma affects approximately 300 million
people worldwide (1). Inhaled short-
acting b2-agonists are the most
commonly prescribed medication for
asthma and relief of asthma symptoms
(2, 3), regardless of disease severity.
Subjects with asthma show variable
response to short-acting b2-agonists
(bronchodilator response [BDR]) (4).
In children, increased BDR has been
associated with response to inhaled
corticosteroids (ICS) and is often used as
a diagnostic tool for asthma (5, 6).

Psychosocial stress has been linked to
dysfunction of the b-adrenergic pathway,
including the effector for inhaled b2-
agonists (7, 8). In particular, stress has
been associated with reduced expression
of the gene for the b2-adrenergic receptor
(ADRB2) in leukocytes from children
with asthma (8). Compared with children
with asthma but no evidence of acute or

chronic stress, those with simultaneous
acute and chronic stress had a 9.5-fold
reduction in ADRB2 expression (8).
In that report, acute stress was not
associated with ADRB2 expression in
the absence of chronic stress, a finding
suggestive of down-regulation of the
b2-adrenergic receptor by persistent
secretion of the hormonal products of the
hypothalamic-pituitary-adrenocortical
axis, including epinephrine and
norepinephrine, in chronically stressed
children.

Whether stress leads to reduced BDR
is unknown. Yet another unanswered
question is whether dysfunction of the
pituitary adenylate cyclase–activating
polypeptide 1 (PACAP-PAC1) pathway
explains potential effects of stress on the
b2-adrenergic receptor (9, 10). This is
relevant, because the gene encoding the
PACAP 1 receptor type 1 (ADCYAP1R1)

has been previously implicated in post-
traumatic stress disorder (PTSD) (9, 11),
anxiety (12), and asthma (13).

Puerto Ricans (PRs) have lower
BDR (14) and greater asthma morbidity
(15, 16) than members of other ethnic
groups, an observation partly attributed
to allelic variants in ADRB2 (17). An
alternative explanation for this finding
is psychosocial stress, because PRs are
often exposed to violence (18–20) and
susceptible to its detrimental effects
(21–23).

In this report, we first examine whether
increased stress is associated with reduced
BDR in a cohort of PR children and in two
additional cohorts: one composed of children
with asthma (for primary replication), and
another composed of children with airflow
obstruction (a reduced FEV1/FVC) but
normal FEV1 and no asthma diagnosis
(to further exclude nonadherence with
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medications or “reverse causation” as
sources of bias). Next, we test whether
single-nucleotide polymorphisms (SNPs) in
ADCYAP1R1 are associated with BDR in
seven cohorts of children with asthma. To
better understand an association between an
ADCYAP1R1 SNP and reduced BDR, we
then test whether this SNP is associated with
a biomarker of increased anxiety (functional
connectivity of the amygdala and the insula,
assessed by brain magnetic resonance
imaging). Some results shown in this report
have been previously published in the form
of an abstract (24).

Methods

Further details are available in the online
supplement.

Stress and BDR

Puerto Rico. From March 2009 to June
2010, 351 children (ages 6–14 yr) with
asthma (defined as physician-diagnosed
asthma and >1 episode of wheeze in
the previous yr) were recruited from
households in San Juan (Puerto Rico)
using a multistage probability sample
design (25). Study participants completed
a protocol including questionnaires,
spirometry, allergy skin testing, and
collection of blood samples for DNA
extraction. The Checklist of Children’s
Distress Symptoms (CCDS) (26, 27) was
administered to 234 children 9 years and
older, who are included in the current
analysis. This 28-item scale assesses stress
symptoms in the previous 6 months as
a result of exposure to violence. Answers

for each question in the CCDS range from
1 to 5. An overall score is obtained by
summing the scores for all 28 questions,
and then dividing by the number of
questions, so that the score ranges
between 1 and 5 (27). This CCDS score
was analyzed as binary (upper quartile
[>2.6 points] vs. lowest three quartiles
[,2.6 points]). The child’s mother
completed a questionnaire on the child’s
demographics, family history, and
respiratory and general health (28).

The mother of each participant also
completed the four-item Perceived Stress
Scale (PSS) questionnaire, which measures
the degree to which subjects believe
that their lives were unpredictable,
uncontrollable, or overwhelming in the
preceding month (29). Answers for each
question in the maternal PSS are scored

Table 1. Characteristics of Participants in Our Study in Puerto Rico, RIPRAC, and NHANES*

Cohort Puerto Rico (n = 234) RIPRAC (n = 471) NHANES (n = 87)

Age, yr 11.5 (1.9) 11.7 (2.0) 14.5 (0.2)
Male sex 131 (56%) 252 (53%) 50 (57%)
Body mass index (z score) 0.7 (1.1) 0.9 (1.2) 0.7 (0.1)
At least one parent graduated from high school 144 (81%) 388 (95%) N/A
Race/ethnicity
Puerto Rican 234 (100%) 301 (64%)
Dominican 81 (17%)
Hispanic 42 (48%)
Non-Hispanic white 89 (19%) 29 (33%)
Non-Hispanic black 12 (14%)
Others 4 (5%)

Household income† 63 (36%) 194 (42%) 71 (82%)
Private or employer-based health insurance 58 (33%) 188 (40%) 46 (53%)
Maternal history of asthma 85 (48%) N/A 23 (26%)‡

Paternal history of asthma 51 (31%) N/A N/A
Current exposure to environmental tobacco smoke 78 (44%) 183 (39%) 13 (15%)
Exposure to in utero smoking 19 (11%) N/A N/A
Use of inhaled corticosteroids in the previous

6 months
53 (30%) 147 (31%) N/A

Prebronchodilator FEV1, L
x 2.2 (0.6) 2.3 (0.6) 3.1 (0.1)

Post-bronchodilator FEV1, L 2.3 (0.7) 2.5 (0.7) 3.4 (0.1)
Prebronchodilator FEV1/FVC 0.81 (0.08) 0.84 (0.08) 0.75 (0.01)
Post-bronchodilator FEV1/FVC 0.84 (0.09) 0.88 (0.06) 0.81 (0.01)
Bronchodilator response as a percent of

baseline FEV1

4.0 (8.6) 7.3 (8.4) 8.7 (0.7)

>1 positive skin test to allergens 136 (81%) 294 (70%) N/A
Child and maternal stress scales
Maternal Perceived Stress Score 4.7 (2.8)
Child Stress Score 2.2 (0.6)
Above cutoff for YDPS generalized anxiety score 75 (16%)
Above cutoff for YDPS panic disorder score 27 (6%)
Number of days feeling anxious in the past 30 d 2.2 (0.4)

Definition of abbreviations: N/A = not available; NHANES = National Health and Nutrition Examination Survey; RIPRAC = Rhode Island Puerto Rico Asthma
Center; YDPS =DISC Predictive Scales, Youth Report.
*Values are shown as number (% of subjects with complete data) for binary variables or mean (SD) for continuous variables.
†Household income greater than or equal to $15,000 per year for Puerto Rico and RIPRAC, and greater than or equal to $20,000 per year for NHANES.
‡Family history of asthma.
xFEV1 presented as absolute values because of lack of predicted values for Puerto Ricans.
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on a Likert scale from 0 to 4. A total score
is obtained by summing the scores for
all answers and thus ranges from 0 to
16 (29). PSS total score was analyzed as
binary (upper quartile [.7 points] vs.
lowest three quartiles [<7 points]).
Higher PSS scores have been associated
with wheeze and upper respiratory
illnesses (30–32). The CCDS and PSS
have high interrater reliability and
concurrent validity (29, 31, 33). Because
data on maternal stress complement those
for child stress, we created a composite
score (hereafter referred to as “household
stress”), categorized as 0 if neither the
maternal stress nor the child stress score
was in the upper quartile, 1 if either the
maternal or child stress score was in the
upper quartile, and 2 if both maternal and
child stress scores were in the upper
quartile.

Spirometry was conducted with an
EasyOne (NDD Medical Technologies,
Andover, MA) spirometer following
American Thoracic Society
recommendations (34). The best FEV1

and FVC from each test were selected for
analysis. After completing spirometry,
subjects were given 200 mg (two puffs) of
an albuterol metered-dose inhaler using
a spacer, and spirometry was repeated
after 15 minutes.

Replication cohorts. Further details
are provided in Table 1 and the online
supplement. Replication of our findings
for stress and BDR was attempted in
471 children with asthma (ages 7–15 yr)
living in Rhode Island (n = 229; 59 PR,
81 Dominican, and 89 non-Hispanic
white children) and Puerto Rico (n = 242)
(Rhode Island Puerto Rico Asthma
Center [RIPRAC] cohort). The DISC
Predictive Scales, Youth Report
instrument was used to collect
information on self-reported symptoms
of child anxiety and panic (35).
Adherence to ICS and leukotriene
inhibitors was measured in a subset
of these children using electronic
monitoring devices.

To further assess a potential role
for nonadherence with treatment, we
examined high child anxiety (upper
quartile for the number of days feeling
anxious in the prior month) and BDR
in 87 children (ages 12–17 yr) in
the National Health and Nutrition
Examination Survey (NHANES) in
2007–2010. These children had a reduced

FEV1/FVC but no previous or current
diagnosis of asthma, and were on no
medications for wheeze (a key asthma
symptom) in the prior year.

ADCYAP1R1 and BDR

Genetic association analysis. In the Puerto
Rico cohort, SNPs in ADCYAP1R1
were available as part of genome-wide
genotyping conducted using the
HumanOmni2.5 BeadChip platform
(Illumina Inc., San Diego, CA), as
previously described (36). Replication
of our genetic findings was attempted
through direct genotyping in two
cohorts with genome-wide genotypic
data: the Childhood Asthma Management
Program (37), including 561 non-
Hispanic white subjects; and the Genetics
of Asthma in Costa Rica Study (28),
including 569 Costa Ricans. Five SNPs
not included in genome-wide genotyping
for these studies were genotyped using
the OpenArray Genotyping block (Life
Technologies, Carlsbad, CA). Additional

replication was attempted using
imputed data from prior genome-wide
genotyping in 253 PRs (189 children
and 64 adults) in the Genetics of Asthma
in Latino Americans study; 215 white
children in the Childhood Asthma
Research and Education Network;
231 African American children with
asthma from the Children’s Hospital of
Philadelphia; and 718 children and young
adults (ages 8–21 yr) in the Study
of African Americans, Genes and
Environment.

Gene expression analysis. We tested
whether an ADCYAP1R1 SNP found to be
associated with BDR is also associated
with gene expression in unstimulated
CD41 T lymphocytes from subjects in the
Asthma BioRepository for Integrative
Genomic Exploration, and in brain
and lung tissues from subjects in the
Genotype-Tissue Expression project (38)
and another published dataset (39). To
better understand the association between
the ADCYAP1R1 SNP and reduced
BDR, we then examined whether brain

Puerto Rico N=234
           Highest quartile of CCDS

–3.90 [ –6.80 , –1.00 ] **

–2.20 [ –4.30 , –0.10 ] *

–3.40 [ –6.69 , –0.11 ] *

–4.40 [ –7.60 , –1.20 ] **

–4.50 [ –7.05 , –1.95 ] **

RIPRAC N=471
           Anxiety score above clinical cutoff

Panic score above clinical cutoff

Both anxiety and panic scores
above clinical cutoff

NHANES N=87
           Highest quartile of days with stress

–8.00 –6.00 –4.00

Bronchodilator response (%)

–2.00 0.00

Figure 1. Bronchodilator response among children with stress or anxiety. All multivariable models
were adjusted for age, sex, household income, current environmental tobacco smoke, and use of
inhaled corticosteroids; models for the Rhode Island Puerto Rico Asthma Center (RIPRAC) and
the National Health and Nutrition Examination Survey (NHANES) cohorts were also adjusted for
race/ethnicity. Plotted are the beta estimates and 95% confidence intervals for each cohort. Puerto
Rico shows the estimate of effect for the comparison between children in the upper quartile of the
Checklist of Children’s Distress Symptoms (CCDS) scores and those in the lowest three quartiles.
RIPRAC shows the estimate of effect for the comparison between children with anxiety and panic
scores above a clinical cutoff and those with scores below such cutoff. Additionally shown for
RIPRAC is the estimate of effect for the comparison between children with scores above the clinical
cutoff for both anxiety and panic, and those with scores below the clinical cutoff for anxiety and panic.
NHANES shows the estimate of effect for the comparison between children in the highest quartile of
anxiety in the previous month and those in the lowest three quartiles. *P, 0.05; **P, 0.01.
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regional activity regulating anxiety is
differentially associated with rs34548976
in a cohort of inner-city African
American adults.

Statistical Analysis
In all cohorts, BDR was defined as
follows: [(post-bronchodilator
FEV1 2 prebronchodilator FEV1)/
prebronchodilator FEV1]3 100.

Because of potential correlation with
stress and BDR, the following covariates
were examined in bivariate analyses in the
Puerto Rico cohort: age, sex, parental
asthma, parental education (at least one
parent completed high school vs. none),
household income (, vs. >$15,000
[near the median household income for
Puerto Rico in 2008–2009]) (40), health
insurance (private or employer-based vs.
others), use of ICS in the previous
6 months, current environmental tobacco
smoke (ETS) (41), in utero ETS, body
mass index (42) as a z score [based on
CDC growth charts] [43]), and greater
than or equal to one positive skin test
to allergens. Bivariate analyses were
conducted using Fisher exact tests for
categorical variables and two tailed t tests
for pairs of binary and continuous
variables.

Multivariable linear regression was
used to examine stress and BDR in the
Puerto Rico cohort. All final models
included age, sex, income, ICS use, and
current ETS. Additional covariates (see
above) were included in the initial models
if associated with BDR at P less than 0.25
in bivariate analyses, and then subjected
to removal in a step-wise fashion. At each
step of model building, the variable with
the largest P value was excluded; the
procedure stopped when all variables not
forced into the model had P less than
0.05.

Multivariable analysis of variance
modeling was used to examine validated
clinical cutoffs for generalized anxiety or
panic disorder (44) and BDR in RIPRAC,
and multivariable linear regression was
used to examine anxiety and BDR in
NHANES (incorporating sampling
weights, stratification, and clusters
provided in the dataset, to obtain proper
estimates and their standard errors).
These analyses were adjusted for the same
covariates as in the analysis in Puerto
Rico, plus race/ethnicity, and (in
NHANES) family history of asthma.

Linear regression was used to test for
association between SNPs within 20 kb of
ADCYAP1R1 (n = 106) and BDR. All
multivariable models were conducted
under an additive model, and adjusted
for age, sex, and the first principal
component (determined by
EIGENSTRAT [45], to control for
population stratification). Meta-analysis
of the replication cohorts was performed
using effect size and standard errors,
accounting for allele differences between
cohorts, and weighted by the sample size
of each cohort. In Childhood Asthma
Research and Education Network,
Children’s Hospital of Philadelphia,
Study of African Americans, Genes and
Environment, and Genetics of Asthma in

Latino Americans study, we used imputed
SNPs from the 1,000 Human Genomes
Project (46). Because many of the 106
ADCYAP1R1 SNPs are in linkage
disequilibrium (LD) with each other,
we applied an LD-based Bonferroni
correction for multiple testing (47, 48),
reducing the number of effective
statistical tests to 57. Statistical
significance for the joint association
analysis (including the original and
replication cohorts) was therefore set
at P less than 8.83 1024 (0.05/57
independent tests). SAS version 9.2 (SAS
Institute, Cary, NC) was used for all
analyses except the genetic analysis,
which was performed in R 2.15 (49),
PLINK (50), and METAL (51).
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Figure 2. Boxplots of bronchodilator responsiveness in Puerto Rican children with asthma, by
household stress score. The “highest stress” group comprises children with both high personal stress
(in the upper quartile of the Checklist of Children’s Distress Symptoms) and high maternal stress (in the
upper quartile of the maternal Perceived Stress Score). The “lowest stress” group comprises children
with neither high personal stress nor high maternal stress. The middle group is children with either high
personal stress or high maternal stress, but not both. PREFEV1= baseline (prebronchodilator) FEV1.
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We interrogated the relationship
between an SNP associated with BDR and
resting-state brain activity in 42 African
American adults with available functional
magnetic resonance imaging data (52).
We analyzed amygdala functional
connectivity, which has been repeatedly
associated with increased anxiety and
dyspnea perception (53–56).

All studies were approved by an
institutional review board or ethics
committee. All adult participants and
parents of participating children gave
written informed consent, and minors able
to do so gave assent.

Results

The characteristics of the study
participants are summarized in Table 1.
Children with asthma in our study were
similar to those in RIPRAC with regard to
age, sex, current ETS, and lung function.
Compared with children in RIPRAC,
those in our study had lower parental
education and BDR. As expected,
children with no asthma in NHANES
were slightly older and had higher FEV1

but lower FEV1/FVC than those in Puerto
Rico or in RIPRAC.

Figure 1, and Figure E1 and Table E2
in the online supplement, show the
results of the analysis of child stress and
BDR in PRs. In a multivariable analysis,
children with a CCDS score in the upper
quartile had a BDR that was 3.9% lower
than that of children with a CCDS score
in the lowest three quartiles. Similar
results were obtained after additional
adjustment for markers of asthma
severity or control (>1 positive skin test
to allergens [atopy] or baseline FEV1, data
not shown).

We replicated our findings for child
stress in RIPRAC (Figure 1; see Table E2).
In a multivariable analysis, children with
clinically significant anxiety had a BDR
that was 2.2% lower than that of children
without such anxiety. In this analysis,
children with clinically significant panic
symptoms had a BDR that was 3.5%
lower than that of those without such
symptoms. Compared with children
without significant symptoms of either
anxiety or panic, those with significant
symptoms of both panic and anxiety
had a reduction in BDR of 4.4%. After
adjustment for adherence to ICS or

leukotriene inhibitors (available only in
a subset of children), we obtained results
that were similar in magnitude but
nonstatistically significant (see Table E3).

To further exclude nonadherence
with antiinflammatory medications or
“reverse causation” (greater asthma
severity leading to increased stress), we
attempted additional replication among
children in NHANES, who had no asthma
diagnosis and were on no medications for
asthma symptoms. In a multivariable
analysis, the upper quartile of the child
anxiety scale was significantly associated
with reduced BDR (Figure 1; see
Table E2). Because NHANES includes
adolescents, we repeated the analysis after
either excluding 16 ever-smokers or
adjusting for serum cotinine level instead
of parental report of ETS, obtaining very
similar results (data not shown).

Because maternal stress is a
complementary marker of stress in a
child’s household, we examined whether
maternal stress is associated with reduced
BDR in our PR cohort. In a multivariable
analysis, children whose mothers had the
highest stress level had 6.3% lower BDR

than those whose mothers had lower levels
of stress (see Table E4). To best assess
overall stress in the child’s household, we
then examined combined maternal and
child (“household”) stress. Compared with
children who were neither highly stressed
nor had a highly stressed mother, those
who were highly stressed and had a highly
stressed mother had the lowest BDR,
with intermediate BDR values in children
who were either highly stressed or had
a highly stressed mother (Figure 2). In
a multivariable analysis (see Table E5),
each one-point increment in household
stress was significantly associated with
reduced BDR: children with the highest
household stress (a score of 2) had
a BDR that was approximately 10.2%
lower than that of children with the lowest
household stress (a score of 0). As change
in absolute values, children with the
lowest household stress had a mean
increment in FEV1 of 116 ml after
bronchodilator, whereas children with
highest household stress had a mean
decrement in FEV1 of 125 ml.

We next examined whether common
SNPs (minor allele frequency> 5%) in or

Puerto Rico N=234 –3.17 [ –5.28 , –1.06 ]**

–1.28 [ –2.57 , 0.01 ]

–1.58 [ –3.00 , –0.16 ]*

0.64 [ –1.08 , 2.36 ]

–1.08 [ –1.61 , –0.55 ]

P=6.5×10–5

1.23 [ –2.40 , 4.86 ]

–0.96 [ –1.72 , –0.20 ]*

–2.01 [ –4.75 , 0.73 ]

CAMP N=534

GACRS N=556

CARE N=215

CHOP N=231

SAGE N=718

GALA N=253

Joint analysis N=2,741

–6.00 –2.00
Bronchodilator response (%)

2.00 6.00

Figure 3. Estimated effect of the minor allele (A) of single-nucleotide polymorphism rs34548976 on
bronchodilator response (percent change in FEV1) in seven cohorts of children with asthma. CAMP =
Childhood Asthma Management Program; CARE = Childhood Asthma Research and Education
Network; CHOP =Children’s Hospital of Philadelphia; GACRS =Genetics of Asthma in Costa Rica
Study; GALA =Genetics of Asthma in Latino Americans; SAGE = The Study of African Americans,
Asthma, Genes and Environment. *P, 0.05; **P, 0.01.
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within 20 kb of ADCYAP1R1 (n = 106) are
associated with reduced BDR in our study
of PR children (see Table E6). In this
analysis, eight SNPs in ADCYAP1R1 were
associated with BDR at P less than 0.05
in PR children, and were thus tested for
replication in six cohorts of children with
asthma (Figure 3; see Figure E2 and Table
E7). One of the SNPs tested (rs34548976)
was significantly associated with BDR in
the analysis of the six replication cohorts
and in the joint analysis of all seven study
cohorts (including 2,741 children with
asthma) (Figure 3), even after LD-adjusted
correction for multiple testing (joint P,
8.83 104 [0.05/57] in both instances).

Using public databases, we then
found that SNP rs34548976 is associated
with increased expression of ADCYAP1R1
in human brain tissue in two databases,
either through direct genotyping (P =
0.01) (38) or through a surrogate SNP in
complete LD (r2 = 1.0) with rs34548976
(rs10236961; P = 0.04) (39). SNP
rs34548976 was also associated with
increased ADCYAP1R1 expression in
lung tissue (P = 0.05) (38).

Because ADCYAP1R1 could down-
regulate ADRB2 through increased
anxiety, we next examined whether
SNP rs34548976 is associated with
expression of ADCYAP1R1 or ADRB2
in unstimulated CD41 T lymphocytes
of 392 children and adults with asthma.
In this linear regression analysis,
rs34548976 was associated with reduced
ADRB2 expression under an additive
genetic model, adjusting for age, sex,
race, and principal components (P =
0.009) (see Figure E3). ADCYAP1R1 was
not expressed above baseline in CD41

T lymphocytes, and thus could not be
analyzed in these cells.

To better understand whether the
ADCYAP1R1 SNP reduces BDR by
increasing anxiety, we examined whether
brain regional activity implicated on
anxiety is differentially associated with
rs34548976. Compared with carriers of
the G allele, subjects with two copies of
the risk (A) allele for reduced BDR had
increased functional connectivity between
the amygdala and the insula (whole-brain
corrected, P, 0.01) (Figure 4). Moreover,
we found a significant linear trend for
an association between the A allele of
rs34548976 and functional connectivity
of the amygdala and insula (whole-brain
corrected, P, 0.01).

Given a plausible role for rs34548976
on baseline anxiety, we examined whether
this SNP is associated with child stress, or
whether it interacts with child stress
on BDR among PR children. Although
SNP rs34548976 was not significantly
associated with CCDS, there was evidence
of modification of the estimated effect of
this SNP on BDR by child stress (P for
interaction = 0.01). In this analysis, the
estimated negative effect of the A allele of
rs34548976 on BDR was significant in
children with high stress (b =25.1%;
95% confidence interval, 29.5% to
20.6%; P = 0.03) but not in those with
lower stress (b = 0.05%; 95% confidence
interval, 22.0 to 2.1%; P = 0.96).

Discussion

This is the first population-based study
linking increased stress or ADCYAP1R1 to
reduced BDR. Chance, misclassification
of asthma, confounding, medication
nonadherence, or “reverse causation” are
unlikely to be major explanations for
our findings, given consistent results in
several cohorts that had different study
designs and included children with
asthma or subclinical airflow obstruction.
The estimated negative effect of increased
stress on BDR ranged from 2.2 to 10.2%,
corresponding to absolute volume
reductions of 44–208 ml. A BDR greater
than or equal to 8% is well correlated with
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Figure 4. Increased functional connectivity in brain regions (amygdala–insula) previously associated
with increased anxiety in at-risk adults with the rs34548976 risk allele. Resting-state functional
magnetic resonance imaging was performed, and bilateral amygdala volumes were seeded,
examining whole-brain corrected brain regions showing differential functional connectivity with insula
(arrows) in rs3458976 AA allele carriers (n = 11) compared with GG/AG allele carriers (n = 31). (A)
Group differences are shown in the horizontal (left), sagittal (middle), and coronal (right) planes
between AA and G-carrier groups. (B) Whole-brain corrected (P, 0.01) regions associated with
amygdala functional activity at resting state in the AA allele carriers. (C) Whole-brain corrected (P,
0.01) regions associated with amygdala functional activity at resting state in the G allele carriers.
Similar results were seen with increased amygdala–insula connectivity using an additive model
(AA/AG/GG) and when comparing AA with AG groups separately. All signals represent whole-brain
corrected voxels at P, 0.01.
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asthma and wheeze in school-aged
children (6, 57, 58), and thus the range of
the estimated effects of stress on BDR is
clinically relevant (e.g., z28% to z128%
of an 8% threshold).

Our results are consistent with and
markedly expand previous findings
implicating acute stress (superimposed
on chronic stress) in down-regulation of
b-adrenergic receptors in leukocytes
or lymphocytes of subjects with panic
disorder (7) or asthma (8). We show that
an SNP in a gene implicated in anxiety
(ADCYAP1R1) is associated with both
functional connectivity of the amygdala
and the insula, and reduced expression
of ADRB2 in CD41 lymphocytes from
subjects with asthma. Moreover, we
demonstrate that children who have the
risk allele (and thus enhanced anxiety)
are more likely to have reduced BDR
when highly stressed. Our findings in
three cohorts further suggest that stress
leads to reduced BDR in children with
asthma or reduced FEV1/FVC, regardless
of their racial or ethnic group. However,
we had limited statistical power to
examine whether race or ethnicity
modifies the estimated effects of stress on
BDR, and thus this question needs to be
examined in future studies.

Increased or altered connectivity
between the insula and the amygdala has
been reported in individuals with PTSD
(59), anxiety (60), and panic attacks (61).
Such connectivity may also be directly
linked to airway inflammation in asthma.
In a previous study, individuals with

atopic asthma who were exposed to
allergens had differential activation of
the anterior insula by asthma-relevant
emotional cues during the late phase of
the dual response, and this differential
activation was associated with airway
inflammation (62).

ADCYAP1R1 is not expressed in
human airway smooth muscle cells (see
online supplement), and thus our results
are most consistent with a negative effect
of SNP rs34548976 on BDR through
neurohormonal mechanisms leading to
down-regulation of ADRB2 in highly
stressed children. SNP rs34548976 lies
upstream of ADCYAP1R1, and thus may
affect ADRB2 expression through local
(cis-) effects on ADCYAP1R1 expression.
Alternatively, this SNP could have distant
(trans-) effects on ADRB2 expression.

We found no association between
ADCYAP1R1 SNP rs2267735 (previously
associated with PTSD [9, 11, 63, 64] and
asthma [13]) and BDR. SNP rs34548976
is not in LD with rs2267735, and is thus
a novel risk variant for both anxiety and
BDR. We did not examine rare variants in
ADCYAP1R1, and thus other functional
variants may be identified in future
studies.

Because this study is cross-sectional,
we cannot examine the temporal
relationship between stress-related
reductions in BDR and long-term
prognosis of asthma. However, we show
relevant effects of stress on the most
commonly used treatment for this disease.
Whether highly stressed children require

larger doses of inhaled b2-agonists for
bronchodilation is unknown and should
be formally tested. Although direct
comparison of the magnitude of the
estimated effects of stress on BDR across
studies is difficult (because of the
different scales used), this shows that
our results are robust.

Our findings are relevant to the
millions of children with asthma exposed
to psychosocial stressors, such as poverty
and violence, worldwide. Our results
further implicate dysfunction of the
b-adrenergic pathway in stress-related
disorders, because they are consistent
with a reported association between an
ADRB2 SNP and PTSD in adults (65).
Studies such as this one are critical to the
understanding of pleiotropic genetic
effects on both stress or anxiety and
cardiopulmonary diseases affected by
adrenergic dysfunction, including asthma
and cardiovascular conditions, such as
myocardial infarction. n
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