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Abstract
Rationale—Chronic dysregulation of hypothalamus-pituitary-adrenal (HPA) axis activity is
related to several neuropsychiatric disorders. Studies suggest that cortisol response to stress has a
strong genetic etiology, and that FK506 binding protein 5 (FKBP5) and G-protein coupled type-I
CRH receptor (CRHR1) are key proteins regulating response. Variations in the genes encoding
these proteins, FKBP5 and CRHR1, have been associated with several neuropsychiatric disorders.

Objectives—We examined variation in these genes in relation to cortisol response to
psychological stress in one of the largest Trier Social Stress Test (TSST) cohorts yet examined.

Methods—Three hundred sixty-eight healthy, young adults underwent the TSST. Salivary
cortisol was measured at multiple time points before and after the stressor. Nine variants in
FKBP5 and four in CRHR1 were assessed. Single marker analyses were conducted. Secondary
analyses assessed haplotypes and interaction with stress-related variables.

Results—The strongest association was for rs4713902 in FKBP5 with baseline cortisol
(pdom=0.0004). We also identified a male-specific effect of FKBP5 polymorphisms on peak
response and response area under the curve (p=0.0028 for rs3800374). In CRHR1, rs7209436,
rs110402, and rs242924 were nominally associated with peak response (prec=0.0029–0.0047). We
observed interactions between trait anxiety and rs7209436 and rs110402 in CRHR1 in association
with baseline cortisol (pLRT=0.0272 and pLRT=0.0483, respectively).
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Conclusions—We show association of variants in FKBP5 and CRHR1 with cortisol response to
psychosocial stress. These variants were previously shown to be associated with neuropsychiatric
disorders. These findings have implications for interindividual variation in HPA axis activity and
potentially for the etiology of neuropsychiatric disorders.
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INTRODUCTION
Following the perception of stress, the hypothalamus-pituitary-adrenal (HPA) axis is
activated. Several important neurotransmitter systems signal the hypothalamic corticotropin
releasing hormone (CRH) neuron to activate the glucocorticoid component of the stress
response. CRH stimulates pituitary adrenocorticotropic hormone (ACTH) secretion, which
in turn stimulates cortisol release from the adrenal glands. Cortisol participates in its own
production through sensitive negative feedback loops which are in part governed by binding
to glucocorticoid receptors (GR) and FK506 binding protein 5 (FKBP5). There is marked
interindividual variability in the cortisol response to stress.

Both enhanced and attenuated HPA axis responses are maladaptive. Dysregulation of the
cortisol response to stress may be a risk factor for psychiatric illness (Holsboer, 2000;
Tsigos and Chrousos, 2002). Depression is associated with an elevated cortisol response
(Chopra et al, 2009; Heim et al, 2000), and blunted cortisol responses to stress have been
observed in panic disorder and PTSD (McFarlane et al, 2011; Petrowski et al, 2010).
Because chronic dysregulation of HPA axis activity is related to the onset and course of
several stress-related disorders (McEwen, 1998), the identification of relevant sources of
interindividual variability is an important goal in psychoendocrinological research.

Both genetic (Federenko et al, 2004) and environmental determinants, individually and
through interaction, have been shown to influence an individual’s cortisol response to stress
(Foley and Kirschbaum, 2010; Kudielka and Wüst, 2010). Estimates of the heritability of
cortisol response to certain forms of stress are 0.62 (Bartels et al, 2003), increasing up to
0.98 with repeated administration of the Trier Social Stress Test (TSST) (Federenko et al,
2004). Several HPA axis candidate genes have been studied for association with cortisol
response to psychosocial stress, including NR3C1 (van West et al, 2010; Wüst et al, 2004),
NR3C2 (DeRijk et al, 2006), GABRA6 (Uhart et al, 2004), OPRM1 (Chong et al, 2006),
SLC6A4 (Mueller et al, 2011; Wüst et al, 2009), and BDNF (Shalev et al, 2009). Here we
focus on two genes that bookend the HPA axis, FKPB5 and CRHR1.

The CRHR1 gene encodes the G-protein coupled type I CRH receptor (CRHR1), a protein
that is essential for the activation of signal transduction pathways that activate mesolimbic
and HPA axis responses to many types of stress. The CRHR1 gene was selected for study
for several reasons. CRH is one of the key stress factors in the CNS. The CRHR1 receptor is
crucial for establishing the initial HPA axis response to stressful events. Variation in the
CRHR1 gene has been shown to moderate the relationship between childhood maltreatment
and cortisol response to the Dex/CRH test (Tyrka et al, 2009). CRHR1 polymorphisms have
been linked to major depression in interaction with childhood maltreatment or adverse
experiences (Bradley et al, 2008; Grabe et al, 2010; Kranzler et al, 2011; Polanczyk et al,
2009). An interaction between CRHR1 and stressful life events has also been shown to
influence alcohol use (Blomeyer et al, 2008; Schmid et al, 2010).

Whereas CRHR1 helps establish the initial HPA axis response to a stressful episode, the
FKBP5 protein assists in terminating the stress response. FKBP5 is a co-chaperone of the
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GR heterocomplex, part of the negative feedback loop regulating GR activity. When cortisol
binds to the GR, FKBP5 is replaced by a positive regulator of GR signaling, FKBP4, and the
complex is shuttled into the nucleus for transcriptional regulatory activity (Riggs et al, 2003;
Wochnik et al, 2005). Overexpression of FKBP5 reduces nuclear translocation of the GR
complex by sequestering it in the cytosol (Wochnik et al, 2005). Interestingly,
glucocorticoid exposure increases expression of FKBP5, dampening glucocorticoid negative
feedback and allowing cortisol to participate in its own regulation (Lee et al, 2011).

Like CRHR1, the FKBP5 gene was selected for study based on several lines of evidence.
The FKBP5 protein plays a crucial role in determining sensitivity to glucocorticoid negative
feedback, a key mechanism for terminating the HPA axis response to a stressful episode.
Alterations in the expression or function of FKBP5 could increase cortisol burden and
contribute to the allostatic shift in cortisol regulation that occurs with repeated exposure to
stress (Lee et al, 2011). Indeed, multiple polymorphisms in the FKBP5 gene have been
shown to be associated with cortisol response to the TSST (Ising et al, 2008). Variations in
the gene have also been associated with mood disorder (Lavebratt et al, 2010; Lekman et al,
2008; Velders et al, 2011; Willour et al, 2009; Zobel et al, 2010), suicidality (Brent et al,
2010; Perroud et al, 2011) and response to antidepressant treatment (Binder et al, 2004;
Lekman et al, 2008). Variation in FKBP5 has also been shown to interact with child abuse
or trauma to predict adult depression (Appel et al, 2011), suicidality (Roy et al, 2010) and
PTSD (Binder et al, 2008; Xie et al, 2010).

Since examining genetic variation in HPA axis stress response may shed light on the
mechanisms underlying dysregulation of the stress response, the goal of this study was to
assess whether variants in the HPA axis candidate genes FKBP5 and CRHR1 are
differentially associated with cortisol responses to psychosocial stress in a large sample of
healthy adults. We studied healthy young adults in order to minimize the influences of
significant psychiatric burden on the stress response and highlight any potential genetic
effects. We selected SNPs in both genes primarily based on their previous associations with
neuropsychiatric disorders.

METHODS AND MATERIALS
We recruited healthy adults, aged 18–30 years, by newspaper advertisements and posted
flyers. Participants were told they were being recruited for a stress response study. Screening
was done by telephone and then in person at Johns Hopkins University School of Medicine
(JHU) or University of Maryland (UMD). Participants gave written informed consent after
complete description of the study. The study was approved by the Institutional Review
Boards at both JHU and UMD. Participant assessments included a medical history, physical
examination, blood chemistry profile, complete blood count, alcohol breathalyzer test, and
urine toxicology screen. DSM-IV axis I psychiatric diagnoses were determined by a
Master’s level interviewer administering The Semi-Structured Assessment for the Genetics
of Alcoholism (Bucholz et al, 1994). Exclusion criteria included: (a) current medical
conditions and/or use of prescription medications, (b) diagnosis of DSM-IV axis I disorder,
including alcohol/drug dependence or abuse, (c) use of any psychoactive medication within
the past 30 days, (d) treatment in the last six months with antidepressants, neuroleptics,
sedative hypnotics, glucocorticoids, appetite suppressants, estrogens, opiate, or dopamine
medications, (e) seizure disorder or history of closed head trauma, (f) a report of drinking
more than 30 drinks per month in women or more than 60 drinks per month in men, (g)
inability to provide clean urine drug screens at intake or during study participation, (h)
nicotine dependence measured by the Fagerstom Nicotine Dependence Test and (i)
pregnancy or hormonal methods of birth control in females. Female subjects were tested in
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the follicular phase of their menstrual cycle determined by diary and confirmed with serum
progesterone level (<2ng/mL).

Trier Social Stress Test (TSST)
After overnight fasting, participants reported to the study room at 1000h for a modified
version of the TSST (Kirschbaum et al, 1993) and were instructed to refrain from use of any
alcohol, illicit drugs, or over the counter medications for 48h prior. A toxicology screen was
performed and participants were disqualified if positive. Participants consumed a calorie-
controlled breakfast between 1000–1015h and sat in a quiet room until testing began. A
pressure cuff was used to record vital signs. Baseline heart rate, blood pressure and saliva
samples were obtained at 1200, 1215, and 1230h. In addition to saliva collection at the JHU
site, an intravenous catheter was placed in a forearm vein at 1000h and baseline blood
samples were obtained at 1200, 1215 and 1230h. Quality control between sites was
performed routinely. Participants then listened to audio-taped instructions of the
performance task. The instructions indicated that the participant would be taking on the role
of a job applicant for the position of hospital administrator and that they should convince a
panel of interviewers they were the best candidate for the job in a 5-min speech. Instructions
also stated they would be asked to perform a 5-min oral mental arithmetic challenge judged
on speed and accuracy. They were given 10-min to mentally prepare for the task, and then
escorted to another room. Participants were instructed to stand at one end of a long table
with two interviewers sitting at the other end. One interviewer asked the participant to
describe his/her qualifications for the job, while the other operated a video camera.
Participants were expected to utilize the entire five minutes for the speech and were
prompted as needed by the interviewers. For the mental arithmetic task, participants were
told to repeat a four-digit number after the interviewer, subtract 13 from it, and speak their
answer aloud. The participant was asked to start again if they made a mistake. After the
tasks, subjects were escorted back to the study room and asked to sit quietly. Blood pressure
and heart rate were recorded immediately after the arithmetic task at 1300h and again at
1315, 1330, 1355, 1410, 1425, 1440, and 1455h. Saliva and blood (only JHU site) were
obtained at the same time intervals. Each participant underwent a baseline passive session
1–4 weeks before the active TSST, which was identical to the active session except for the
absence of the administration of the stress procedure. This was done to minimize the effects
of environmental novelty and maximize the genetic effects of the TSST on the cortisol
response (Federenko et al, 2004).

Psychometric Instruments
Subjects completed self-report measures of personality traits, depression, and anxiety
approximately one week before undergoing the TSST. These measures included the Revised
NEO Personality Inventory (NEO-PI-R; Costa and McCrae, 1992), Beck Depression
Inventory II (BDI-II; Beck et al, 1996), State-Trait Anxiety Inventory (STAI; Spielberger et
al, 1983), Life Events Scale (LES; (Holmes and Rahe, 1967) and Perceived Stress Scale
(PSS; Cohen et al, 1983).

Hormone Assays
Salivettes were used to collect saliva for cortisol measurement. Salivary cortisol
measurements, as well as plasma concentrations of progesterone in female participants on
the day of TSST, were performed in our laboratory by RIA (Diagnostics Product Co., Los
Angeles, CA) using a model 1470 –counter (PerkinElmer, Shelton, CT). The inter- and
intraassay coefficients of variation for all assays are less than 10%.
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SNPs and Genotyping
A total of 368 individuals were genotyped at two candidate genes in the HPA axis pathway,
CRHR1 and FKBP5 (see Table 1 for details). We selected SNPs for genotyping based on
previous literature. We selected nine SNPs in FKBP5 for genotyping. Seven of the nine
SNPs are tag SNPs (rs3800374, rs7757037, rs3798346, rs9296158, rs9380525, rs4713902,
and rs6912833; Willour et al, 2009) and the other two were previously identified as being
associated with response to antidepressant treatment (rs3800373 and rs1360780; Binder et al
2004). Five SNPs in CRHR1 were selected for genotyping. Three of these SNPs (rs7209436,
rs110402, rs242924) were previously identified as interacting with child abuse to influence
adult depression (Bradley et al, 2008). The remaining two SNPs were previously identified
as interacting with stressful life events to influence alcohol use and initiation (rs242938,
rs1876831 (Blomeyer et al, 2008; Schmid et al, 2010)). We examined the genotype data for
deviations from Hardy-Weinberg equilibrium (HWE) and based on those results removed
rs1876831 in CRHR1 from the analysis. The average missing data rate across the
experiment was 0.1%.

Additionally, we selected 96 ancestry informative markers (AIMs) for genotyping. Four of
these AIMs were unable to be called and one additional AIM was out of HWE
(p=6.96×10−7), resulting in a panel of 91 AIMs available for ancestry analysis. All
genotyping was conducted using the Illumina GoldenGate platform.

Statistical Analysis
Cortisol Curve Components—We assessed three components of the cortisol response
curve, baseline, peak and response area under the curve (AUC). Mean baseline cortisol was
calculated by averaging the three levels obtained before the performance tasks were begun.
Peak cortisol was defined as the highest level reached after completion of the performance
tasks. Task AUC was calculated by trapezoidal approximation from the last sample obtained
prior to the speech to the end of the session. Baseline AUC was calculated using the first
three cortisol levels obtained before the performance tasks were begun. Response AUC was
calculated by subtracting the baseline AUC from the task AUC. Cortisol values were log-
transformed for analysis. Raw values are displayed in figures.

Ancestry-Informative Marker Analysis—Ancestry analysis using the 91 genotyped
AIMs was conducted in STRUCTURE 2.3 (Pritchard et al, 2000). Under an admixture
model with correlated allele frequencies, 10,000 burnin length and 10,000 steps, we
identified 4 ancestry clusters. We then assigned each individual to the cluster for which they
had the highest estimated membership. We will henceforth refer to this coding as the
population ancestry.

Single SNP Analysis—For our primary analysis, we conducted single-locus association
with each of the three cortisol curve components under an additive genotype model in
PLINK 1.07 (Purcell et al, 2007; http://pngu.mgh.harvard.edu/purcell/plink/). The major
allele was the reference allele in all analyses. Linear regression models were run and each
model was adjusted for site, sex and dummy coded indicators for population ancestry. In
addition, analyses for peak cortisol included adjustment for baseline cortisol. Age and
education did not contribute significantly and were not included in the final model. We
adjusted the p-values for testing eight effectively independent SNPs, the number of which
we estimated using the program SNPSpD (Nyholt, 2004). As baseline, peak and AUC
cortisol are all highly correlated (pairwise r=0.41–0.91, all p<0.001), we did not adjust for
the three curve components tested. Post hoc tests were used to identify the underlying
genetic model from among dominant, recessive or additive. All p-values reported below are
nominal unless otherwise specified as adjusted for multiple testing.
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Haplotype Analysis—In secondary analyses, we tested whether haplotypes in FKBP5
and CRHR1 were associated with cortisol response components in PLINK 1.07. Haplotypes
were defined using 2,3 and 4 SNP sliding windows across each gene. Tests of haplotype-
based association were conducted using linear regression with models including terms to
adjust for site, sex and dummy coded indicators for population ancestry. In addition,
analyses for peak cortisol included adjustment for baseline cortisol. We conducted an
omnibus test, jointly estimating and testing all haplotype effects at that position.

Interaction Effects—In other secondary analyses, we tested for differences in the
associations between genotype and cortisol response by sex. We also evaluated the potential
moderating effects on these associations of stress-related variables captured by scores on the
BDI-II, STAI, PSS or LES. No main effect on cortisol response was observed for any of
these instruments (results not shown). Moderating effects were tested by including
interaction terms between genotype and the covariate of interest in the regression models.
Likelihood ratio tests (LRTs) were used to test whether including the interaction term
provided a better fit to the data than a model without the interaction term. These analyses
were conducted in STATA 11.0 (StataCorp, 2009). All analyses were adjusted for the
covariates of interest listed above.

Power—Assuming a minor allele frequency of 0.2, an additive genotype model and a p-
value corrected for 8 effectively independent tests, our sample had 80% power to detect an
effect size of 0.19 for baseline cortisol. The detectable effect size for peak cortisol was 0.2
and for response AUC was 0.26.

RESULTS
Sample characteristics

A total of 368 subjects were included in this study, 193 from JHU and 175 from UMD (see
Supplementary text and Table S1 for characteristics by site). Subjects were between 18 and
30 years of age (mean age=23) and predominantly Caucasian (82%). The UMD site
recruited only female participants and thus the combined sample is predominantly female
(79%). Males had greater cortisol response than females on average (males mean peak=0.51,
females mean peak=0.43, t366=−3.28, p=0.007). Scores on the depression and anxiety
measures indicated that on average the subjects were not depressed or anxious (BDI
mean=2.8, range=0–17; STAI trait anxiety mean=31.4, range=20–64).

Genetic Association
FKBP5—The single-SNP association results under an additive model can be seen in Table
2. The strongest evidence was for an association between rs4713902 in FKBP5 and baseline
cortisol that was significant even after accounting for multiple testing (p=0.001; adjusted
p=0.008). Further examination suggested a dominant model with carriers of the CC or CT
genotypes having higher baseline cortisol levels on average than TT (common)
homozygotes (β=0.20, p=0.0004; see Figure 1). Another SNP, rs7757037, was also
associated with baseline cortisol, but only marginally so after correcting for multiple testing
(p=0.008; adjusted p=0.064). Post hoc analysis suggested a recessive model with individuals
carrying the rarer genotype having higher baseline cortisol levels compared to those with
either heterozygous or common homozygous genotypes (β=0.21, p=0.0019). These results
were consistent across sites (see Supplementary Table S2) and within the Caucasian portion
of the sample (results not shown).

In the haplotype analysis, the most significant association was between baseline cortisol and
the 2 SNP haplotype rs4713902-rs6912833 (p=0.0036). Examination of specific haplotypes
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suggested the CT haplotype (frequency 24.7%) versus all others was positively associated
with baseline cortisol (p=0.001). This haplotype contained the C allele of rs4713902 and did
not appear to add any information over the single-SNP analysis. No FKBP5 haplotypes were
associated with peak cortisol or response AUC under the omnibus test.

We identified a sex-specific effect for three SNPs in FKBP5 associated with peak response
and response AUC (rs3800374, rs7757037 and rs3800373; LRT p=0.001–0.041).
Specifically, there were significant associations between FKBP5 genotypes and peak
cortisol response in males (pmin=0.0028 for rs3800374), but not females (pmin=0.3498; See
Figure 2). Similarly, males displayed significant associations between FKBP5 genotypes
and response AUC (pmin=0.0429 for rs3800374), whereas females did not (pmin=0.4157).
There was no evidence of a sex-specific effect for rs4713902, the SNP with the most
significant overall association with baseline cortisol. None of the stress-related variables we
tested (BDI, STAI, PSS and LES) were significant effect modifiers of the association
between variants in FKBP5 and cortisol response (results not shown).

CRHR1—Three SNPs in CRHR1 (rs7209436, rs110402 and rs242924) were associated
with peak cortisol response to the TSST under an additive model (p=0.011–0.018). The
association with rs242924 was marginally significant after accounting for multiple testing
(adjusted p=0.088; see Figure 3). Post hoc testing suggested that the underlying genetic
model for all three SNPs was recessive (p=0.0029–0.0047). For each SNP, individuals with
the rare homozygous genotype had lower peak cortisol response on average than those with
either a heterozygous or common homozygous genotype. These results were consistent
across sites (see Supplementary Table S1) and within the Caucasian portion of the sample
(results not shown). Rs7209436 was also associated with response AUC, although this
association was no longer significant after accounting for multiple testing (p=0.026; adjusted
p=0.208).

Haplotype analysis provided further evidence of associations between CRHR1 and peak
cortisol and response AUC. All 2-,3-, and 4-SNP haplotypes formed by the four SNPs in
CRHR1 were associated with peak cortisol by the omnibus test (p<0.05). The most
significant haplotype was the 2-SNP haplotype rs110402-rs242924 (p=0.0099). The 4-SNP
haplotype was also significantly associated with response AUC in the omnibus test
(p=0.0433). No haplotypes were found to be associated with baseline cortisol.

There was evidence for an interaction between STAI trait anxiety and variation in CRHR1
in association with baseline cortisol (LRT p=0.0272 and p=0.0483 for rs7209436 and
rs110402, respectively). In particular, higher anxiety was associated with higher baseline
cortisol only among individuals with the common homozygous genotype (frequency 33%) at
rs7209436 (p=0.038). This same pattern was observed for rs110402. None of the other
stress-related variables (BDI, PSS and LES) or sex were significant effect modifiers of the
relationship between polymorphisms in CRHR1 and cortisol response measures (results not
shown).

DISCUSSION
Results of this study indicate that variation in two important HPA axis genes may influence
cortisol response to psychosocial stress. The SNP associations with cortisol were consistent
across study sites. The strongest evidence was for an association between FKBP5 and
baseline cortisol, with homozygous or heterozygous carriers of the C allele in rs4713902
having higher baseline cortisol on average than individuals with the more common TT
genotype. In addition, we noted a sex-specific effect in the association with FKBP5 such
that SNPs were associated with peak response and AUC only among males. SNPs in
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CRHR1 were also nominally associated with peak cortisol response to the TSST, and there
was evidence of an interaction between STAI trait anxiety and CRHR1 genotypes
influencing baseline cortisol.

One previous study by Ising et al (2008) examined the effect of genetic variation in FKBP5
on HPA axis regulation using the TSST. That study examined three SNPs in FKBP5,
rs3800373, rs1360780 or rs4713916, two of which overlapped with ours. Consistent with
our study, it found significant associations with altered cortisol response to the TSST. They
reported that homozygous carriers of the rare allele at each of the three SNPs tended to have
higher cortisol levels during recovery after the TSST and that homozygous carriers of the
rare allele at rs4713916 tended to have higher cortisol levels during the anticipation period.,
while we found that homozygous or heterozygous carriers of the rare allele at rs4713902 had
higher baseline cortisol. We did not observe a significant association for our SNPs with peak
cortisol or response AUC. In addition, the previous study did not find any differences in
these associations by sex as we did. There are several possible explanations for the
differences. We assessed salivary cortisol while the previous study assayed serum cortisol.
While serum and salivary cortisol are highly correlated (Gozansky et al, 2005; Kirschbaum
and Hellhammer, 1994), they are not perfectly so and this may have contributed to
differences. Additionally, our study was over five times larger and therefore was less
susceptible to findings by random chance.

Interestingly, rs4713902 in FKBP5 has previously been shown to be associated with bipolar
disorder (Willour et al, 2009) and suicide attempt (Roy et al, 2010). Willour et al (2009)
reported over transmission of the major allele in bipolar disorder using a family sample. The
rare allele was shown to be associated with suicide attempt by Roy et al (2010).
Mechanistically, the association of FKBP5 SNPs with baseline cortisol is consistent with
FKBP5’s influence on glucocorticoid negative feedback. Increased expression or function of
FKBP5 imparts reduced sensitivity to glucocorticoid negative feedback (Hartmann et al,
2012). This can bring about higher daily cortisol levels. This increase in cortisol burden may
alter neural circuitry in a manner that predisposes to neuropsychiatric disorders.

Of the three FKBP5 SNPs that interacted with sex in our study, two have previously been
reported to be associated with psychiatric disorder or treatment response (rs3800373 and
rs7757037; Binder et al, 2004, 2008; Brent et al, 2010; Koenen et al, 2005; Lekman et al,
2008; Roy et al, 2010; Willour et al, 2009; Zobel et al, 2010), although these findings have
not been consistent (Fallin et al, 2005; Gawlik et al, 2006; for a review see Binder, 2009).
One previous study reported a male-specific association of the rare homozygous genotype in
rs1360780 with depression (Lavebratt et al, 2010). However, several other studies have not
observed a sex-specific effect of FKBP5 in psychiatric disorder (e.g. Binder et al, 2004,
2008; Velders et al, 2011; Willour et al, 2009). This male-specific effect of FKBP5 on
measures of cortisol response (peak and AUC) may relate to the observed pattern of higher
cortisol response in males than in females. This pattern of higher response in males has been
reported previously (Kirschbaum et al, 1992; Uhart et al, 2006). It may be that dependent on
FKBP5 genotype, males are especially vulnerable to psychosocial stress. Pre-clinically, sex
hormones have been shown to affect FKBP5 expression (e.g. Hubler et al., 2003) and
FKBP5 expression has been shown to be up-regulated in pregnant women and women being
treated with hormone therapy (Dahm et al., 2012; Katz et al., 2012). The exact mechanisms
for the observed sex-specific association of variation in FKBP5 with peak cortisol response
is unclear; however FKBP5 functions as a co-chaperone for androgen and progesterone
receptors in addition to glucocorticoid and mineralocorticoid receptors (Jääskeläinen et al,
2011). In addition, recent studies have shown that acute stress in adulthood has a differential
sex-dependent effect on the expression of CRH and the CRHR1 receptors (Zohar &
Weinstock, 2011). It is possible the sexual dimorphism in peak response is related to
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differential effects of male and female sex hormones on these genes and other HPA axis
response genes.

In regard to the other gene examined in this study, there are some precedents for our CRHR1
SNP findings. Using a Dex/CRH test paradigm and examining variation in CRHR1, Tyrka et
al (2009) found that both rs110402 and rs242924 interact with childhood maltreatment to
affect HPA axis reactivity. Specifically, subjects homozygous for the common allele had
higher cortisol response to the Dex/CRH test than those with heterozygous or rare
homozygous genotypes, but only among those subjects reporting moderate to severe
childhood maltreatment. We did not have a measure of childhood maltreatment available in
our study. However, we did identify an interaction between trait anxiety and SNPs rs110402
and rs7209436 in CRHR1. Higher trait anxiety was associated with higher baseline cortisol
only among individuals with the common homozygous genotype.

Variation in CRHR1 has been reported to be associated with depression (Ishitobi et al, 2012;
Liu et al, 2006). In particular, the three SNP haplotype rs7209436-rs110402-rs242924 has
been repeatedly shown to interact with childhood maltreatment to influence adult depression
(Bradley et al, 2008; Grabe et al, 2010; Laucht et al, 2012; Polanczyk et al, 2009; Ressler et
al, 2010). CRHR1 polymorphisms have also been shown to influence panic disorder
(Ishitobi et al, 2012), alcohol use (Blomeyer et al, 2008; Chen et al, 2010; Schmid et al,
2010; Treutlein et al, 2006), suicide attempt (Ben-Efraim et al, 2011; Roy et al, 2012;
Wasserman et al, 2008), and antidepressant treatment response (Licinio et al, 2004; Liu et al,
2007; Papiol et al, 2007).

Our study has several important strengths. First, this is one of the largest TSST studies with
humans to examine the relationship between common variants in HPA axis genes and
cortisol stress response to date. Second, participants in our study were carefully and
extensively screened to include only healthy individuals. By focusing on this population we
are able to minimize state effects (smoking, alcohol and other drug use, mood disorders,
medical conditions, etc.) in favor of examining trait effects (genetics) for association with
cortisol stress response. Third, in our study the cortisol response to TSST displayed typical
characteristics, suggesting that the TSST was effective in activating the physiological stress
response (Foley and Kirschbaum, 2010). The cortisol response to the TSST in our sample
exhibited the characteristic gradual increase of cortisol level with peak concentration being
reached within 15 minutes of stress cessation. As has been previously shown, cortisol
response in males in our study was greater than in females (Kirschbaum et al, 1992; Uhart et
al, 2006). Fourth, use of ancestry informative markers allowed us to adjust for potential
population stratification. Last, women were studied only during the follicular phase of the
menstrual cycle documented with serum progesterone levels drawn on the day of the TSST.

There are several issues to consider when interpreting these results. The functional
influences of the variants that were found to be associated with cortisol are unknown. Also,
because we selected SNPs for inclusion based on previous findings in the literature we did
not have full LD coverage of the candidate genes. For FKBP5 our SNPs covered 48% of the
common variation in the gene and the SNPs in CRHR1 covered only 9% (HapMap 27, CEU
+TSI, MAF>0.01, r2>0.8). Our observation of a sex by genotype interaction should be
interpreted taking into account the smaller proportion of males in our sample as compared to
females (21% male, 79% female). Although we attempted to control for potential
confounding due to ethnicity through the inclusion of the AIMs, it is possible that there
remains residual confounding. Finally, we used two sites to conduct the TSST and the sites
did differ in their distribution on some subject characteristics. Quality control between sites
was performed routinely. Moreover, we found that SNP associations for cortisol were
consistent across the two sites.
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In summary, we found that differences in response to psychological stress in healthy, young
adults were associated with common variants in the genes CRHR1 and FKBP5. Many of the
SNPs examined in the present study have been previously associated with neuropsychiatric
disorders, thus strengthening the proposed relationship between cortisol dynamics and
predisposition to neuropsychiatric illnesses. Replication is needed to see if the relationship
between these genes and cortisol stress response is seen in other populations. Future
directions for research include a more complete assessment of HPA axis genes in relation to
cortisol response to stress. Also, studies will be needed to determine the mechanism
underlying these genetic influences on HPA axis activity. Identifying sources of
interindividual variation in HPA axis activity has important implications for illuminating the
etiology of neuropsychiatric and stress-related disorders. Genetic variation like that
described above may lay the neural circuitry foundation that then interacts with early life
events to determine resilience to stress later in life. Such genetic variation could impact
cortisol burden over the life cycle thus influencing the risk and severity of neuropsychiatric
illness associated with aberrant stress responses.
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Figure 1.
Baseline cortisol by FKBP5 rs4713902 genotype. Shown are the unadjusted mean baseline
cortisol levels (μg/dl).
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Figure 2.
Cortisol response over time by genotype for rs3800374 in FKBP5, by sex. Shown are
unadjusted cortisol curves (μg/dl) for a) females and b) males.
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Figure 3.
Peak cortisol response by CRHR1 rs242924 genotype. Shown are the unadjusted mean peak
cortisol levels (μg/dl).
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