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Abstract

a7 nicotinic acetylcholine receptors (a7nAchRs) modulate immune activation by suppressing
production of pro-inflammatory cytokines in peripheral immune cells. a7nAchRs also modulate
inhibitory output in the hippocampus, which provides input to key circuits of the HPA axis.
Therefore the a7 nicotinic acetylcholine receptor gene (CHRNA7) may be associated with cortisol
stress response. Polymorphisms in the CHRNA7 promoter decrease its expression and may
dampen the cholinergic response, leading to an increase in inflammation. Increased inflammation
may change the intrauterine environment, altering neuroendocrine development in the offspring.
Maternal CHRNA7 genotype could affect an offspring’s HPA regulation via reprogramming in
utero. Patients with allergic disorders have a differential cortisol response to stress. This study
utilized samples collected from a cohort of 198 adolescents in a previous study of atopic disorders,
who demonstrated a disturbance in HPA response associated with atopy. Salivary cortisol samples
collected from the adolescents after a series of laboratory procedures and DNA samples collected
from the adolescents and their parents were used for further analysis. DNA samples were
genotyped for allelic variation in the CHRNA7 promoter. Genetic association analyses with the
cortisol levels were performed in the adolescents. Maternal genotype influences were investigated
for the CHRNAY gene. We also included maternal and child atopy diagnosis as covariates in
determining cortisol levels and tested for association of CHRNA?7 to atopy. Polymorphisms in the
CHRNAY promoter were associated with lower cortisol levels after a small laboratory stress. Our
findings also show that although the child’s CHRNA7 genotype affects stress response, the
maternal genotype has a stronger influence on cortisol release after stress in male offspring. These
effects were independent of atopy status.
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1. Introduction

The early developmental environment, influenced by genetic background in the mother, may
selectively alter phenotypic traits. For example, recent studies have shown that maternal
rearing behaviors in rats are associated with changes in hypothalamic-pituitary axis (HPA)
regulation in offspring and that these changes result from the epigenetic reprogramming of
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gene expression [1,2]. Effects during development extend to the intrauterine environment.
Maternal genotype for the SGK1 glucocorticoid inducible kinase in mice regulates fetal
programming of blood pressure [3]. Both human epidemiological studies [4] and animal
models [5] indicate that immune activation during pregnancy increases risk for
neurodevelopmental disorders such as schizophrenia in the offspring. Maternal genetic
vulnerability to stress may represent a secondary risk factor during fetal neurodevelopment
[6]. The o7 neuronal nicotinic acetylcholine receptor gene (CHRNA?7) is involved in
regulation of immune activation [7] and is associated with schizophrenia [8], suggesting that
maternal CHRNAY genetic background may alter maternal response to immunological stress
and change the course of neural development in the fetus. The current study examines the
relationship of genetic mutations in CHRNA7, in both mother and child, to HPA stress
response in the child.

a7 nicotinic acetylcholine receptors (a7nAchRs) modulate immune activation by
suppressing production of pro-inflammatory cytokines in peripheral immune cells [7].
CHRNAY is also widely expressed in the central and peripheral nervous systems [9-11].
There are multiple functional single nucleotide polymorphisms (SNPs) in the promoter
region of this gene that decrease its expression [12]. Polymorphisms in the promoter of
CHRNA7 may dampen the cholinergic anti-inflammatory response, leading to an increase in
inflammation. Decreased expression of a7nAchRs may change the intrauterine environment
via increased inflammation, altering neuroendocrine development in the offspring. Maternal
CHRNAY genotype could, therefore, affect an offspring’s HPA regulation via
reprogramming in utero.

The a7nAchR may also be associated with HPA stress response through its role in the
central nervous system. a7nAchRs are involved in inhibitory processes in the brain, and
CHRNAY promoter polymorphisms are associated with the loss of these processes [12]. The
a7nAchR is highly expressed in the hippocampus and the suprachiasmatic nucleus, both of
which provide important input into HPA regulation. Thus, CHRNA7 mutations may have a
dual role as mediators of CNS inhibition and peripheral stress responses. Both child and
maternal CHRNA7Y genotype could be associated with HPA regulation.

The current study is a preliminary study performed to explore these hypotheses. We
performed a supplementary analysis of a cohort from a previous study [13]. This cohort
consisted of 198 adolescents recruited from the Colorado Twin Study for a study of atopic
disorders. During the study, salivary cortisol levels were collected at baseline and following
three different laboratory challenges: a blood draw, skin tests for allergies, and a
semistructured psychiatric interview. Approximately 71% of the cohort was atopic. Atopic
adolescents in the study had an attenuated cortisol response to the blood draw compared to
controls or those with positive skin tests without atopic illness similar to the observations of
Buske-Kirschbaum et al. [14].

These adolescents have a known disturbance in HPA stress response associated with an
inflammatory condition. They are an interesting cohort in which to look for genetic
contributions to changes in the HPA that are mediated by immune activation. In the previous
study, blood samples were taken from subjects and both parents for DNA analysis. These
DNA samples were genotyped for allelic variation in the CHRNA7 promoter. Exploratory
genetic association analyses with cortisol levels during the challenges were performed in the
adolescents. In addition, maternal genotype influences were investigated for the CHRNA7
gene. Because HPA disturbances in these subjects were associated with atopy, we also
included the child’s atopy diagnosis as a covariate in determining cortisol levels and tested
for association of CHRNAY to atopy. In addition, because maternal atopy may increase the
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amount of inflammation experienced by the offspring in utero, maternal atopy diagnosis was
also included in the analysis.

Our findings show that although the child’s CHRNA7 genotype does affect stress response,
the maternal genotype has a stronger influence on cortisol release after stress in male
offspring. These effects were independent of atopy status in the mother or child.

2. Materials and methods
2.1. Subjects

Subjects were 198 adolescents 12 to 19 years of age (mean age, 16.2 + 1.96 years) recruited
in a previous study. Ninety percent of the sample was white and 52% was male. The
analyzed sample contained 99 nuclear families with two parents and a set of twins. 52% of
the twin pairs were monozygotic; 31% were dizygotic, same sex twins, and 17% were
dizygotic, opposite sex twins. 70.7% of the twins were atopic.

The salivary cortisol levels from the previous study [13] were used to determine genetic
association. In that study, half the participants were given appointments beginning at 8 AM,
and half beginning at 1 PM. These cortisol levels could not be compared directly due to
diurnal variation. The morning and afternoon groups were analyzed separately. There were
no significant differences between the AM and PM groups in age (Student’st=0.49, p =
0.63), sex ratio (32 = .74, 1 df, p = 0.39), atopy status (x2 = .72, 1 df, p = 0.40), or twin
zygosity (y- =5.39, 2 df, p = 0.07).

2.2. Genotyping

2.3. Cortisol

DNA samples obtained during the Wamboldt et al. (2003) study were used for analysis.
Genotyping was done in both parents and the children. Primers for amplification of the
proximal promoter region of the CHRNA7 gene were ordered from Integrated DNA
Technologies, Skokie, IL (sense: 5 AGTACCTCCCGCTCACACCTCG 3’ and antisense: 3’
GACGTCGAGGCCCTGAGTTGTA 5). Utilizing the following program, a PCR product of
271bp was generated: 95°C 3 min, (95°C 30s, 62°C (—0.5°C decrease each cycle to 55°C),
72°C 45 s) X 14 cycles, (95°C 30 s, 55°C 30 s, 72°C 45s) X 24 cycles, 72°C 7 min, hold
4°C. The PCR product was analyzed by DHPLC on a Transgenomic WAVE™
(Transgenomic Inc., San Jose, CA) as described [12]. Samples were “spiked” with control
DNA to ensure that a homozygous variant that might migrate as a single peak would be
detected. Unusual WAVE ™ patterns were resolved by automated DNA sequencing on an
Applied Biosystems 2100 Avant DNA Sequencer (Applied Biosystems, Foster City, CA).

radioimmunoassay

Cortisol levels were measured in the previous study with a commercially available
radioimmunoassay kit (Diagnostic Products Company) as previously described [13]. Inter-
and intra-coefficients of variation were less than 6.5% with a detection limit of 0.01 ug/dL.

2.4. Statistical analysis

2.4.1. Genetic analysis of CHRNA7—There are currently 21 known SNPs in the 230bp
core promoter fragment upstream of exon 1 in the CHRNA7 gene. Most of these mutations
decrease transcription thus would produce the same finding [12]. Individually these SNPs
are too rare for statistical analysis. By convention all functional SNPs were pooled into a
single allele for analysis [12]. The wild type promoter was designated as allele 1, and the
presence of any functional proximal promoter polymorphism was designated allele 2.
Genotypes were then derived from combinations of these two alleles. An individual with
two wild-type promoters was designated genotype 1/1, an individual carrying one CHRNA7
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copy with a wild-type promoter and one containing a proximal promoter polymorphism, 1/2.
Any individual with two promoter polymorphisms was designated genotype 2/2. The two
mutations are always on different alleles [12].

2.4.2. Association analysis—Maternal and child genotype effects on stress response in
the child were explored by testing for mean differences in salivary cortisol levels between
genotypic groups, defined by maternal and child genotype combinations at each time point.
The procedure utilized a variance components approach implemented in SAS PROC
NLMIXED (SAS Institute, Inc., Cary, NC). This approach allows the introduction of
variance components that adjust for the correlations that arise due to family of origin and in
monozygotic twins. In order to determine whether this variance components approach
adjusted appropriately for monozygotic twins, the analysis was also run after deleting one
twin from each monozygotic twin pair. This did not substantively change the results of the
analysis (data not shown).

Due to the low number of individuals with two CHRNA7 promoter polymorphisms, testing
was done assuming a dominant model for having at least one promoter polymorphism.
Interaction between maternal and child genotypes was tested via a cross-product term
between the two dominant model genotypic terms. The effect of sex and baseline cortisol on
stress-induced cortisol levels has been repeatedly demonstrated in the literature [15-18]. In
order to address this, we controlled for the child’s sex and baseline cortisol level by
including them as independent explanatory variables.

Since CHRNA7 modulates inflammation and atopy is an inflammatory illness, CHRNA7
could be associated with atopy. Tests of linkage and association of CHRNA?Y to atopy were
carried out using a pedigree disequilibrium test implemented in the UNPHASED software
package [19]. Atopy has a significant effect on cortisol response in this cohort. Atopy
diagnosis was included as a covariate in the variance components association analysis of
CHRNAY to cortisol levels. Since maternal atopy might also affect levels of inflammation
experienced in utero by the offspring, maternal atopy status was also included as a covariate
in the analysis of child cortisol levels.

3. Results

3.1. Allele frequencies

The frequency of the wild-type allele (allele 1) was 0.87 and 0.13 for a proximal promoter
polymorphism (allele 2). Alleles were in Hardy-Weinberg equilibrium (x2qwe = 0.34). The
most common polymorphisms were a —86 C/T SNP and a —194 G/C SNP with minor allele
frequencies of 0.054 and 0.055 respectively comprising 85% of the polymorphisms detected.
These are common functional polymorphisms that decrease gene activity by 22% and 26%
respectively in a luciferase reporter gene assay [12].

3.2 Salivary cortisol levels

Cortisol levels decreased during the test period in both the AM and PM Groups (Figure 1A).
PM levels were significantly lower compared to the AM group at baseline (p < 0.0001, 2
sample T-test), after the blood draw, and after the interview (p < 0.05).

3.3. Child CHRNA7 mutations affect cortisol levels after a stressor

The AM and PM groups were analyzed separately. In the AM group, the child’s genotype
was significantly associated with cortisol levels in the child after the blood draw (Table 1).
A CHRNAY polymorphism in the child was associated with stressor induced cortisol levels
that were 15.01% lower on average (p = 0.023 by variance components analysis). The
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overall effect of child CHRNA7 genotype on salivary cortisol levels throughout the test
period in the AM group is illustrated in Figure 1B. Subjects with normal CHRNA7
promoters (allele 1) had significantly higher salivary cortisol levels after the blood draw
compared to those who carried a promoter polymorphism (allele 2). There were no
significant differences between groups at the other three time points. CHRNA7 genotype did
not have a significant effect in the PM group.

3.4 Maternal CHRNAY genotype affects stress response in male offspring

Maternal genotype was significantly associated with stress induced cortisol levels in the
child. Maternal CHRNA7 polymorphisms were associated with 37.6% lower cortisol levels
in the child after the blood draw (p = 6.6 x 10™4) (Table 1). There was also a significant
interaction between the child’s sex and the maternal genotype indicating the effect of
maternal genotype is different in males and females. Due to the interaction, females whose
mother carried a CHRNA7 polymorphism had cortisol levels after the stressor that were
44.72% higher than would be expected given the maternal genotype effect (—37.6%) alone
(p =7 x 1074 (Table 1). Female sex alone was not significantly associated with cortisol
levels after the stressor (p = 0.4983).

Overall, baseline cortisol levels were not significantly associated with levels after the stress
(p = 0.3969) (Table 1). However, there was a significant interaction between baseline
cortisol level and the child’s sex (p =.001). In females, for each 1 ug/dL increase in baseline
cortisol there was an additional 0.6205 ug/dL increase in cortisol level after the stressor (p
=.001).

There were no significant associations for maternal or child CHRNA7 genotype in the AM
group at any of the other three time points (baseline, skin testing or psychiatric interview).
Only sex was significantly associated with cortisol levels at these times, with females having
lower levels. There was no interaction between sex and baseline cortisol levels at these time
points.

In the PM Group there were no significant associations to stressor induced cortisol levels for
either child or maternal CHRNA?Y. In this group, only baseline cortisol levels were associated
with stressor induced cortisol levels. The association was significant in both males and
females (p = 2.6 x 1074) (Table 1).

Table 2 contains a summation of the differences between male and female offspring in stress
induced cortisol levels in the AM group. In males maternal CHRNA7 polymorphisms were
associated with 37.6% lower cortisol levels after the blood draw (p = 6.6 x 1074),
accounting for the maternal genotype effect size shown in Table 1. In female offspring,
Maternal CHRNA7 polymorphisms were associated with a nonsignificant 7.12% increase in
cortisol levels.

In summary, the data suggests that in the AM group, CHRNA7 polymorphisms in the child
were significantly associated with decreased cortisol levels after the blood draw in both
males and females (Figure 1C). Maternal CHRNA7 polymorphisms only affected male
offspring, but had a larger effect size than the child’s genotype (Figure 1D).

3.5 CHRNAY genotype is not associated with atopy

The Pedigree Disequilibrium Test indicated no significant association of CHRNA7 to atopy
diagnosis (p = 0.202). Maternal and child atopy status were included as covariates in
determining child cortisol levels in the variance components analysis (Table 1). After
adjusting for the other variables (i.e. maternal and child genotype, baseline cortisol levels
and sex), the data suggest that the presence of an atopy diagnosis in the child had an
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attenuating effect on cortisol levels after the blood draw, decreasing them by 7.1% on
average; however this effect did not attain significance (p = 0.1789), as was found in the
previous study (p < 0.01). Maternal atopy status was not significantly associated with
cortisol levels in the offspring (p = 0.2365) (Table 1). There were no significant interactions
between maternal or child atopy and other variables.

4. Discussion

Significant associations between polymorphisms in the CHRNA7 proximal promoter and
stressor induced cortisol levels were found in the study population. Maternal CHRNA7
genotype was a key factor in determining the stress response, but CHRNA7 effects were
different depending on both the child’s sex and the time of day. Effects on the stress
response were seen only in the morning, and maternal genotype only affected male
offspring.

Maternal and child CHRNA7 polymorphisms were both associated with lower cortisol levels
after a stressor, but the pattern of these effects differed by the sex of the child. CHRNA7
polymorphisms in the child significantly decreased cortisol levels in both males and females
(Figure 1C). Maternal CHRNA7Y polymorphisms only affected male offspring, but had a
larger effect size (Figure 1D). Previous work has demonstrated that differences in maternal
cortisol level as well as prenatal stress have dimorphic effects on HPA axis activation and
behavioral phenotype in male vs. female offspring in both humans and animals [20-23].
Fetal sex steroid production and differential vulnerability during neural development may
play a role differentiating outcomes between males and females [18, 24].

a7nAchRs are likely to affect HPA response due to their location in CNS circuits that are
important for cortisol release. a7nAchRs are highly expressed in the hippocampal subiculum
and the suprachiasmatic nucleus (SCN) (Breese et al., 1997). Both of these regions send
projections to the periventricular nucleus (PVN), the site of corticotrophin-releasing
hormone (CRH) secretion. Activation of a7nAchRs modulates pathways within SCN and
subiculum that inhibit their normal negative regulatory output to the PVN, permitting release
of CRH [9,25-29]. Thus in individuals with fewer a7nAchRs, inhibitory output to the PVN
would increase, limiting the release of CRH and of cortisol. High corticosteroid levels
decrease the number of functional a7nAchRs in the hippocampus and hypothalamus [30],
suggesting that a feedback mechanism for this system exists.

Effects on stressor induced cortisol were only seen in the morning. The SCN is closely tied
to diurnal rhythm, and its regulatory output of cortisol is phasic in nature. The inhibitory
output of the SCN rises throughout the day, causing a decrease in cortisol levels. It is
possible that the circuits within the SCN that are modulated by a7nAchRs decrease in
activity in the afternoon to allow increased output from the SCN. This may in part explain
why association to CHRNA7 was not significant in the afternoon, when the output of the
SCN is nearing its apex.

Decreased CHRNAY activity may lead to chronically upregulated inflammatory processes in
response to stressors or infection, with increased cytokine output from peripheral immune
cells. In 2000, Borovikova et al. described a previously unrecognized parasympathetic
pathway by which the brain, via the vagus nerve, decreases systemic inflammatory response
[31]. The principal receptor in this cholinergic anti-inflammatory pathway is the a7nAchR.
Stimulation of a7nAchRs decreases the production of inflammatory cytokines, including
TNFa, interleukin-6, and interleukin-1p [7]. Lower levels of a7nAchR expression such as
those seen in individuals with CHRNA7 promoter polymorphisms would result in higher
levels of these cytokines following a stressor. In Chrna7 knockout mice, there was no
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dampening of cytokine release following endotoxin administration. This resulted in
increased morbidity and death [7]. Additionally, neutrophils and CD3+ T cells also express
a7nAchRs. Stimulation of these receptors inhibits recruitment of these cells in inflammation
[32-34]. All of these anti-inflammatory effects would presumably be down regulated in the
presence of low CHRNA?Y expression, and this could lead to chronic inflammatory states.
Chronic inflammation is associated with poor activation of the HPA axis after acute
stressors in both animal models [35] and in human inflammatory disease [36,37]. Thus
chronically activated inflammatory pathways, induced by a down regulated CHRNA7 gene,
may partially explain the decreased cortisol responses in the current study.

We did not find an association of CHRNA7 genotype with atopy. CHRNA7 may not be a
causative factor in atopy. There is no evidence that CHRNA?Y is involved in initiating
inflammatory responses. Instead it may modulate the strength of the inflammatory reaction
that occurs in allergy and other inflammatory disorders. This would lead to a phenotype of
more severe symptoms in these illnesses. However, the limited number of informative
families for this marker in the sample may have reduced power to detect an association. As
in the previous study, the data suggests that atopy may be associated with lower cortisol
levels after the blood draw, although this effect did not reach significance in this analysis.
This may be due to the fact that we were adjusting for several variables in a relatively small
sample. A larger sample size may improve power to detect this effect, which was seen in the
previous study.

There were some characteristics of the Wamboldt study that were not ideal for the purposes
of the current analysis. Cortisol was sampled in the morning for half the cohort and in the
afternoon for the rest, and the stressors in this study are not conventionally used to examine
stress response. A more standardized stress protocol would provide a more informative
interpretation of this pilot data. Because the subjects were separated into AM and PM
groups, there may be spurious effects due to the fact that different groups were tested at
different times of day. Further experiments based on this pilot study are needed, and a cross
over design where the same subjects are tested both in the morning and in the afternoon
might address this question.

The inclusion of identical twins in the analysis while potentially interesting also served as a
potential confounding factor. However, deleting one twin from each monozygotic twin pair
did not substantively change the results of the analysis suggesting that we were able to
adequately adjust for this in the statistical methods. However, we note that we have a small
number of mother-offspring pairs in some of the genotype groups, and that power to test for
interactions is low in some cases

The most important and interesting finding in the study was the effect of maternal genotype
on stress response in the child. The presence of maternal CHRNA7 promoter polymorphisms
could result in both suppression of cortisol production and excessive production of pro-
inflammatory cytokines, leading to a physiological “double hit” that produces exaggerated
maternal inflammatory responses and affects the offspring in utero. Immune activation
during pregnancy has effects on neural development in the fetus [4,5]. This is true of
schizophrenia, a disease with which CHRNA7 is known to be associated [8,38-42]. These
findings suggest that a mother’s contribution is more complex than the simple transmission
of her genes. The prenatal environment she provides, modulated by her own genetic make-
up, may enact permanent changes in her offspring’s capacity to respond to stress. This has
implications for how we view the genetics of developmental gene polymorphism in complex
disorders. These data emphasize the potential importance of considering both maternal and
offspring genotype in studies of developmentally influenced traits.
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Fig. 1.

Effect of maternal child CHRNA7 polymorphisms on cortisol levels after the blood draw
stressor. A. Pattern of cortisol levels during the test day, AM and PM groups. Average
cortisol levels decreased at each time point, except at the blood draw time point. PM levels
were significantly lower compared to the AM group at baseline, after the blood draw, and
after the interview (2 sample T-test). AM group: N = 95; PM group: N = 87 *p < 0.05 ***p
< 0.001. B. Cortisol levels during the test day stratified by child genotype (AM group only).
On average, adolescents with a normal CHRNA7 promoter (allele 1, red) had a rise in
cortisol following the blood draw stressor while those who carried a promoter
polymorphism (Allele 2, blue) did not. *p = 0.023. C. Effect of child CHRNA7
polymorphisms on cortisol levels after the blood draw stressor (AM Group). Male and
female adolescents with allele 1 had significantly higher salivary cortisol levels after the
blood draw compared with those with allele 2. Allele 1, N = 40 females and 32 males; Allele
2, N =12 females and 11 males. *p < 0.05. D. Effect of maternal CHRNA7 polymorphisms
on child cortisol levels after the blood draw (AM Group). Males whose mothers carried a
polymorphism had significantly lower cortisol levels compared to those whose mothers had
normal promoters. Females were not affected by maternal genotype. Maternal Allele 1, N =
37 females and 35 males; Allele 2, N = 15 females and 8 males. ***p < 0.001. Error bars are
one standard error from the mean.
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Table 2
Differential effect of CHRNA7 polymorphisms, baseline cortisol levels and atopy on stress
induced cortisol levels in male vs. female adolescents (AM group)

CHRNAY polymorphisms in the child were associated with significantly lower cortisol levels after a stress in
both males and females. Maternal CHRNA7 polymorphisms were associated with lower stress induced cortisol
levels in males but not females. Higher baseline cortisol levels were associated with higher stress induced
cortisol levels, but only in females: for each 1 ug/dL increase in baseline cortisol, there was on average a
0.7424 ug/dL increase in stress induced cortisol.

CHRNAY = Effect of a CHRNA7 Polymorphism in the child on stress induced cortisol levels; MatCHRNA7 =
Effect of a maternal CHRNA7 polymorphism on stress induced cortisol levels in the child; Baseline = effect of
baseline cortisol levels on levels after the stress. Child Atopy = presence of an atopic disorder in the child.
Maternal Atopy = presence of an atopic disorder in the mother.

Parameter Male P Value Female P value
CHRNA7 -15.01% 0.0234 -15.01% 0.0234
MatCHRNA7 —-37.60% 6.6x1074 7.12% 0.3637
Baseline 12.19% 0.3969 74.24%  4.14x1078
Child Atopy -7.10% 0.1789 -7.10% 0.1789

Maternal Atopy  —6.70% 0.2365 —6.70% 0.2365
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