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Abstract
Individual vulnerability factors influencing the function of the hypothalamic-pituitary-adrenal
(HPA) axis may contribute to the risk of the development of persistent musculoskeletal pain after
traumatic stress exposure. The objective of the study was to evaluate the association between
polymorphisms in the gene encoding FK506 binding protein 51, FKBP5, a glucocorticoid receptor
co-chaperone, and musculoskeletal pain severity six weeks after two common trauma exposures.
The study included data from two prospective emergency department-based cohorts: a discovery
cohort (n=949) of European Americans experiencing motor vehicle collision and a replication
cohort of adult European American women experiencing sexual assault (n=53). DNA was
collected from trauma survivors at the time of initial assessment. Overall pain and neck pain six
weeks after trauma exposure were assessed using a 0–10 numeric rating scale. After adjustment
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for multiple comparisons, six FKBP5 polymorphisms showed significant association (minimum p
<0.0001) with both overall and neck pain in the discovery cohort. The association of rs3800373,
rs9380526, rs9394314, rs2817032, and rs2817040 with neck pain and/or overall pain six weeks
after trauma was replicated in the sexual assault cohort, showing the same direction of the effect in
each case. The results of this study indicate that genetic variants in FKBP5 influence the severity
of musculoskeletal pain symptoms experienced during the weeks after motor vehicle collision and
sexual assault. These results suggest that glucocorticoid pathways influence the development of
persistent post-traumatic pain, and that such pathways may be a target of pharmacologic
interventions aimed at improving recovery after trauma.

INTRODUCTION
Traumatic events are common in life. Two examples of traumatic events that are frequently
experienced by US civilians are motor vehicle collision (MVC) and sexual assault: each year
more than eleven million Americans experience an MVC and nearly 700,000 women are
sexually assaulted [1,40]. Persistent musculoskeletal pain is commonly reported by
survivors of such events [21,28,43] and results in substantial suffering and diminished health
[19,20,45,50]. However, most individuals with persistent post-traumatic pain do not
experience major tissue injury at the time of trauma [25,38], and diagnostic evaluations of
patients complaining of posttraumatic musculoskeletal pain often cannot identify a
responsible tissue lesion [21,33,41]. As a result, patients with persistent post-traumatic
musculoskeletal pain are often stigmatized (e.g. as reporting symptoms for financial gain).

In addition to potentially resulting in tissue injury, traumatic events are potent stressors
which activate neurobiological stress response systems. Increasing evidence suggests that
these systems modulate neurosensory processing [14,34], and that the activation of
physiologic stress systems such as the hypothalamic-pituitary-adrenal (HPA) axis may
contribute to the development of persistent posttraumatic pain in vulnerable individuals
[17,31]. For example, variation in HPA axis function has been found to predict widespread
musculoskeletal pain development in community samples [31] and pain persistence in
patients with low back pain undergoing surgery [18].

If HPA axis function during and after trauma exposure affects the severity of persistent
musculoskeletal pain experienced by trauma survivors, then inherited differences in the
function of important components of the HPA axis would also be expected to influence
individual vulnerability to post-traumatic pain. One important component of the HPA axis is
the intracellular protein FK506 binding protein 51 (FKBP5) [39,55]. FKBP5 interacts with
heat shock protein 90, which binds to the glucocorticoid receptor and regulates
glucocorticoid receptor sensitivity [39,47,55]. Both genetic polymorphisms within the gene
encoding FKBP5, FKBP5, and reduced FKBP5 expression have been shown to influence the
risk of post-traumatic psychological sequelae [6,26,49]. However, the influence of genetic
polymorphisms in FKBP5 on post-traumatic pain outcomes has never been assessed.

In this study we evaluated the association between genetic polymorphisms in FKBP5 and
musculoskeletal pain severity six weeks after two common trauma exposures, MVC and
sexual assault. We hypothesized that one or more FKBP5 single nucleotide polymorphisms
(SNPs) would influence the severity of persistent pain after both types of trauma. We
assessed this hypothesis using a prospective observational study of pain outcomes after
MVC as a discovery cohort and a prospective observational study of pain outcomes after
sexual assault as a replication cohort. Neck pain intensity and overall pain intensity six
weeks after trauma were selected pre-hoc as the two study outcome measures. Neck pain
intensity was selected because pain in the neck region after MVC is a major public health
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problem [21], and because neck pain also appears to be common after sexual assault [33].
Overall pain intensity was selected because it provides a summary assessment of pain
severity across body regions.

METHODS
Motor vehicle collision cohort

Study design and population—The details of the MVC study have been reported [37].
In brief, individuals ≥ 18 and ≤ 65 years of age presenting to one of eight EDs in four no-
fault insurance states within 24 hours of MVC who did not have fracture or other injury
requiring hospital admission were enrolled. Patients who were not alert and oriented were
excluded, as were pregnant patients, prisoners, patients unable to read and understand
English, patients taking a β-adrenoreceptor antagonist, or patients taking opioids above a
total daily dose of 30 mg of oral morphine or equivalent. In addition, because genetic
analyses are potentially biased by population stratification [9], enrollment was also limited
to non-Hispanic whites (the most common ethnicity at study sites). Informed consent was
obtained from all participants and Institutional Review Board (IRB) approval was obtained
at all study sites.

DNA collection and genotyping—Study personnel collected blood samples at the time
of enrollment using PAXgene DNA tubes. Following DNA purification (PAXgene blood
DNA kit, QIAGEN), genotyping using the Sequenom platform was performed at thirty-three
SNPs (Supplementary Table 1) selected to cover haplotype diversity at the FKBP5 gene
locus. Two Hapmap samples and two repeat samples were included in each genotyping
batch (96 samples). Repeated genotyping demonstrated greater than 98% call agreement.

Assessments—Overall pain intensity in the ED, neck pain intensity in the ED, and
average pain during the month prior to MVC were assessed using verbal 0–10 numeric
rating scales (NRSs). Verbal scores have advantages in acute care settings, and verbally
administered NRSs have been validated as a substitute for Visual Analog Scales in acute
pain measurement in the ED [5]. Average neck pain intensity in the past week (0–10 NRS)
and average overall pain intensity in the past week (0–10 NRS) were evaluated six weeks
after the MVC via web-based questionnaire or telephone interview. Post-traumatic stress
disorder symptoms were evaluated at week six using the Impact of Event Scale – Revised
(IES-R) [11].

Sexual assault cohort
Study design and population—The methods of the sexual assault study have been
reported [2,33]. In brief, women 18 years of age or older who presented to one of ten Sexual
Assault Nurse Examiner (SANE) programs in four states for medical care within 48 hours of
sexual assault were recruited. Women unable to give informed consent (e.g., due to
intoxication) were excluded, as were women who were hospitalized after assault, lived with
their assailant, were prisoners, were pregnant, did not have a telephone, and/or did not live
within driving distance for follow-up interviews. For purposes of the current replication
analyses, only data from European Americans were analyzed. IRB approval was obtained at
all study sites and all study participants provided written informed consent.

DNA collection and genotyping—Saliva specimens were obtained at one week follow-
up evaluations using Oragene DNA Self-Collection Kits. Following DNA purification
(PAXgene blood DNA kit, QIAGEN), genotyping was performed within the same batches
as MVC cohort samples and at the same thirty-two SNPs. As described above, Hapmap
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samples and two repeat samples were included in each genotyping batch to ensure genotypic
accuracy and reliability; repeated genotyping demonstrated greater than 98% call agreement.

Assessments—Neck pain at the time of presentation for emergency care (within forty
eight hours of sexual assault) was evaluated as part of a brief self-report questionnaire
assessing current pain intensity in each of eight body regions (head and face, neck, breast,
arms, abdomen, back, genital and pelvic, and legs). One week after the assault, sexual
assault survivors completed an in-person computerized self-report questionnaire which
included an assessment of current musculoskeletal pain symptoms (overall pain, 0–10 NRS)
and pain symptoms during the week prior to assault (0–10 NRS). Six weeks after assault,
consenting women sexual assault survivors completed an additional in-person computerized
self-report questionnaire which included an assessment of average neck pain intensity in the
past week (0–10 NRS) and average overall pain intensity in the past week (0–10 NRS).

Analyses
SNPs that were not in Hardy-Weinberg equilibrium (HWE), SNPs with call rates below
85%, and SNPs with minor allele frequency less than 0.05 were excluded from analyses.
Linkage disequilibrium between FKBP5 SNPs was explored in each cohort separately by
calculating Levontin D’ and squared correlation r2 using HaploView [3]. Tag SNPs for
statistical analyses were selected by using the Tagger procedure implemented in Haploview
with the threshold r2=0.8 [12].

The relationship between FKBP5 polymorphisms and pain outcomes in the MVC discovery
cohort were assessed using general linear models. Three genetic models were used: an
additive model (genotype is coded as the number of minor alleles, i.e. 0, 1, or 2), a dominant
model (homozygous for major allele vs. other), and a recessive model (homozygous for
minor allele vs. other). Study site was included as a covariate in these models to adjust for
potential genetic heterogeneity between study recruitment centers. False discovery rate
(FDR) was controlled for when determining statistical significance [4]. FKBP5 haplotypes
and their population frequencies were estimated from MVC cohort data using the
expectation-maximization algorithm implemented in HaploView and verified using
Bayesian estimation of haplotype frequencies implemented in SAS 9.2 [27].

SNPs significantly associated with both neck pain and overall pain in the MVC discovery
cohort were evaluated in the sexual assault replication cohort using general linear models
adjusted for study site. Replication cohort analyses employed the genetic model that
provided the best fit in discovery cohort analyses (dominant model). Because linear models
applied to small samples are less robust to the violation of non-normality assumptions,
significance of the genetic association in the sexual assault cohort was determined via
permutation using the lmPerm package for R (http://www.R-project.org). Permutations were
run until the p-value 95% confidence interval was within ±10% of the estimated p-value.
Due to the increased pre-test probability of significance when using significant SNPs from
the discovery cohort, and the smaller number of tests performed, in replication cohort
analyses p < 0.05 was deemed statistically significant.

For longitudinal analyses using repeated measures of pain over time, linear mixed models
were used (SAS 9.2, SAS Institute Inc., Cary, NC). Heterogeneity of genotype effect across
different time points was accounted for by specifying a time × genotype interaction term.
Correlation between outcome measures within each subject was accounted for by specifying
an unstructured covariance matrix of measurement errors. Least square means and their
standard errors were output from the model and post-hoc pairwise comparisons of means
were performed.
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RESULTS
Participants

Discovery and replication cohort characteristics are shown in Table 1. Compared to MVC
survivors, sexual assault survivors were younger, less educated, and reported higher levels
of pre-trauma pain. Sixty one percent (n = 575) of MVC survivors were women, whereas all
sexual assault survivors (n = 53) were women.

Genotyping results
Of the 33 selected SNPs, 32 (97%) were successfully genotyped in both cohorts
(Supplementary Table 1). All genotyped SNPs were in Hardy-Weinberg equilibrium (p >
0.05). One SNP (rs3798346) had a low call rate (77%) and was excluded from analyses. All
other SNPs had excellent call rates (≥99%). Six SNPs were excluded because of a minor
allele frequency <0.05 (rsl6878806, rs28675670, rsl3192954, rs7762760, rs34110646, and
rs7751693)

All genotyped SNPs were in linkage disequilibrium (average pairwise D’ = 0.88, see
Supplementary Figure 1). To avoid redundant analyses of highly associated SNPs, fourteen
tagging SNPs were selected by using the Tagger procedure (Haploview software) and
threshold r2=0.8 (Table 2). In addition, SNP rs3800373 was retained in analyses because of
its previous association with stress-related psychological sequelae [6,26].

Association of FKBP5 Polymorphisms with Musculoskeletal Pain after MVC
A dominant model provided the best fit to the data (Supplementary Table 2) and was used
for all subsequent analyses. After adjustment for study site, and controlling for overall false
discovery rate (FDR), eight SNPs predicted neck pain severity six weeks after MVC (Table
2). Six of these SNPs also predicted overall pain (Table 2). Across SNPs and across both
pain outcomes, the presence of one or more minor alleles was associated with more severe
pain (Table 2). Additional adjustment for patient age and sex did not change the significance
of the associations (data not shown).

Association of FKBP5 Polymorphisms with Musculoskeletal Pain after Sexual Assault
Of the six SNPs associated with both pain outcomes in the MVC discovery cohort, four
were associated with overall pain severity six weeks after sexual assault and three were
associated with neck pain severity six weeks after sexual assault (Table 3). The same
direction of genotype effect in both the MVC and sexual assault cohort was observed in all
replicating SNPs. Additional adjustment for patient age did not change the significance and
the effect size of the associations (data not shown).

FKBP5 Haplotypes
Population frequencies for FKBP5 haplotypes were estimated using the six significant SNPs
from our larger MVC discovery cohort sample (n = 949) via an expectation-maximization
algorithm implemented in HaploView. Results were verified using Bayesian estimation
implemented in SAS 9.2. Risk alleles of the SNPs showing the strongest association with
persistent pain in both cohorts (including the risk allele at rs3800373 previously associated
with stress-related psychological sequelae [6,26]) are located on two haplotypes with
population frequencies 0.10 and 0.08 (Figure 1).

FKBP5 Genotype and Pain Trajectory after Trauma
SNP rs2817032, which showed a strong influence on pain outcomes in both cohorts, was
used to explore the effect of FKBP5 genotype on pain over time (month prior to trauma,
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early aftermath of trauma, six weeks after trauma). The effect of genotype on overall and
neck pain significantly varied by the time of assessment (genotype × time interaction p
<0.05). The CC/CT genotype was associated with higher neck pain and overall pain 6 weeks
after motor vehicle collision and sexual assault (p<0.01, Figure 2, A-D), but was associated
with acute pain in ED in the post-MVC cohort only (Figure 2, B). Interestingly, this
genotype was also associated with average overall pain prior to sexual assault (Figure 2, C).

DISCUSSION
We have shown that genetic variants influencing a key component of the HPA axis, FKBP5,
demonstrate a strong and replicable association with musculoskeletal pain outcomes six
weeks after MVC and sexual assault. SNPs that are significantly associated with
musculoskeletal pain after MVC and sexual assault cohorts are in high linkage
disequilibrium and tag two common haplotypes spanning the entire FKBP5 gene [7,22].

SNP rs3800373, which tags haplotypes associated with increased pain after MVC and sexual
assault, has been associated with enhanced induction of FKBP5 mRNA by Cortisol [7] and
reduced glucocorticoid receptor sensitivity [6]. Because glucocorticoid receptor sensitivity is
essential for HPA axis negative feedback inhibition, carriers of the FKBP5 haplotypes
associated with increased pain after trauma exposure in our study would be expected to
experience more persistent elevation of glucocorticoids in response to stress [30]. Consistent
with this hypothesis, these FKBP5 haplotypes have been associated with elevated Cortisol
levels after dexamethasone administration [47] or stress exposure [22].

In an animal model of hyperalgesia induced by non-habituating sound stress [24,42], it has
been shown that both elevated glucocorticoids and elevated catecholamines after stress
exposure are necessary for the development of persistent generalized hyperalgesia [23].
Consistent with our finding of a stronger association between FKBP5 risk haplotypes and
pain six weeks after trauma than immediately after trauma, the hyperalgesia developing in
this animal model was delayed onset [23]. This hyperalgesia was due to the action of
glucorticoids and catecholamines on primary sensory neurons, and appeared to be mediated
by stress-induced changes in second messenger signaling pathways [23]. Based on these
data, we hypothesize that the increased pain experienced by MVC and sexual assault
survivors with FKBP5 risk haplotypes in our study is due, at least in part, to the peripheral
effects of elevated glucocorticoids on sensory afferents. In addition, glucocorticoid systems
exert an important influence on immune system function [13,44], and FKBP5 risk
haplotypes may influence post-stress outcomes in part via mechanism which lead to the
increased production of pro-inflammatory mediators (e.g. cytokines). Such mediators may
promote hyperalgesia both by sensitizing peripheral and central afferents directly [15,16,29]
and by sensitizing CNS neurons via an afferent feedback mechanism [15,16,29,52–54].
FKBP5 risk haplotypes may also affect pain after stress exposure by influencing
glucocorticoid pathways in the central nervous system (e.g. references [48,51]).

The molecular mechanisms by which FKBP5 genetic variants affect cell biology remain
poorly understood. An FKBP5 allele contained within the risk haplotypes has previously
been shown to affect higher FKBP5 protein levels, but not mRNA levels, suggesting that the
risk haplotypes may influence mRNA stability rather than transcription [7]. Consistent with
this hypothesis, in silico modeling has shown that the FKBP5 risk haplotype variants may
alter FKBP5 mRNA folding [36]. Additionally, polymorphism rs3800373 in the 3’-
untranslated region may interfere with microRNA binding, a common mechanism of post-
transcriptional control of gene expression [36]. Finally, rs2817032, showing the strongest
association in the replication cohort in our study, appears to be both in the intronic region of
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FKBP5 and in an exon of an overlapping RNA transcript (GeneBank accession number
AK093304) [35], which might regulate FKBP5 expression at the post-transcriptional stage.

FkBP5 risk haplotypes were associated with pain prior to trauma in sexual assault survivors,
but not in MVC survivors. This discrepancy may be due to the fact that MVC survivors
reported relatively little pre-assault pain, reducing power to detect an association between
FKBP5 genotype and pre-trauma pain level in this cohort.

Previous studies have identified an association of FKBP5 polymorphisms and PTSD
symptom severity after trauma [6,8], and, consistent with previous studies [10,32], PTSD
and pain symptoms were positively correlated among trauma survivors in our cohorts (e.g.
r=0.36, p<0.001 for neck pain and r=0.42, p<0.001 for overall pain in MVC cohort). We
repeated MVC cohort analyses excluding those with substantial PTSD symptoms (IES-R
score ≥33)[11] at six weeks, and the effect size of the association between FKBP5
polymorphisms with pain did not diminish (data not shown). Therefore, the association
between FKBP5 polymorphisms and pain outcomes was not due to the mild to moderate
correlation between pain and PTSD symptoms after trauma.

The results of this study suggest that the FKBP5 molecule (and other molecules which
interact with the glucocorticoid receptor) are potential drug targets for the prevention of post
traumatic musculoskeletal pain. However, because the effects of these systems and their
molecular components are complex, substantial preclinical testing is necessary to establish
their safety and potential efficacy prior to any human testing.

Several limitations should be considered when interpreting our study results. First, the size
of our replication cohort was small. However, we limited our replication tests to only
polymorphisms that were significant across outcomes in the discovery cohort, performed
permutation analyses to derive exact p-values, and found consistent evidence of SNP
replication that mapped to two risk haplotypes. In addition, we limited our study to
European Americans to avoid confounding by population stratification [9], therefore the
generalizability of our findings to other race/ethnic groups is unknown. Also, we did not
utilize ancestry informative markers in our study, and therefore residual population
stratification within our European American cohort is still possible. However, self-report has
been shown to be a highly accurate means of determining European American ancestry [46],
and all assessed polymorphisms were in Hardy-Weinberg equilibrium, suggesting little, if
any, stratification in the studied samples. Adjustment for study site in the regression models
was also used to minimize the effect of population variations across geographic regions of
the Eastern United States. Finally, our study assessed pain severity six weeks after trauma,
but the influence of FKBP5 polymorphisms on pain experienced during the months and
years after trauma are unknown.

An additional limitation is that we did not assess childhood trauma exposure. In previous
studies, self-reported childhood trauma exposure has been shown to interact with FKBP5
polymorphisms to influence the severity of stress-related disorders [6,56]. Our study design
differed from these previous studies, in that we evaluated outcomes after a known
environmental exposure, rather than assessing previous life trauma as the environmental
exposure.

The results of this study suggest that genetic variants in a gene influencing glucocorticoid
signal transduction, FKBP5, influence the severity of musculoskeletal pain symptoms
experienced during the weeks after two common traumatic events. These findings add
important new evidence that HPA axis activation may contribute to the development of
persistent musculoskeletal pain symptoms after traumatic events such as MVC and sexual
assault, separate from and/or in addition to the effect of any tissue trauma.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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SUMMARY

This study demonstrates an association between genetic polymorphisms in the gene
coding for a key regulatory molecule in the hypothalamic-pituitary-adrenal (HPA) axis
and persistent pain in two cohorts experiencing two different types of trauma (motor
vehicle collision and sexual assault).
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Figure 1. FKBP5 haplotypes
FKBP5 haplotypes were estimated from the six SNP genotypes (rs3800373, rs7753746,
rs9380526, rs9394314, rs2817032, and rs2817040) predicting overall pain and neck pain six
weeks after trauma exposure in the motor vehicle collision cohort. Haplotype frequencies
are estimated using the expectation-maximization algorithm. Only haplotypes with a
frequency > 0.05 are shown (79% of all haplotypes). Risk alleles of the replicated SNPs are
underlined. Rs9380526 was most significantly associated with overall pain intensity and
neck pain at week 6 after motor vehicle collision in the motor vehicle collision cohort.
Rs2817032 showed the strongest association with overall pain at week 6 after sexual assault.
Rs3800373 has been previously reported in the literature to predict PTSD [6]. The results
show that all risk alleles belong to two haplotypes (h2 and h3) with combined frequency
0.18.

Bortsov et al. Page 13

Pain. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Overall musculoskeletal pain trajectories and neck pain trajectories
Overall musculoskeletal pain trajectories and neck pain trajectories by rs2817032 genotype
in the motor vehicle collision cohort (A, B) and sexual assault cohort (C, D). A), B) After
motor vehicle collision, the presence of one or more copies of the C allele was associated
acute neck pain in emergency department (ED) (p < 0.05) and with overall and neck pain at
six weeks (p < 0.01). Effect of the genotype on pain intensity varied by the time of
assessment (assessment time × genotype interaction term p < 0.05). In the sexual assault
cohort, the presence of one or more copies of the C allele was associated with overall pain
during the month prior to assault (p < 0.01) and with overall pain (p < 0.001) and neck pain
(p < 0.01) at six weeks. *p <0.05; **p <0.01; ***p <0.001.
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Table 1

Baseline characteristics of study participants

Characteristic
Motor Vehicle

Collision Cohort
Sexual Assault

Cohort

Enrolled, n 949 53

Age, years, mean(SD) 36(13) 27(8)

Females, n(%) 575(61) 53(100)

Education, n(%)

  8–11 yrs 42(4) 6(11)

  HS 184(19) 6(11)

  Post-HS 57(6) 0(0)

  Some college 311(33) 30(57)

  College 237(25) 8(15)

  Post-college 113(12) 3(7)

Overall pain, 0–10 NRS, mean(SD)

  Past month 0.4(0.5) 1.4(1.9)

  ED (week 1 for SA cohort) 5.5(2.4) 4.8(3.0)

  Week 6 3.8(2.8) 3.2(2.9)

Neck pain, 0–10 NRS, mean(SD)

  Past month 0.3(1.2) 1.0(1.7)

  ED 3.7(3.1) 2.0(2.7)

  Week 6 2.8(3.0) 1.9(2.4)

HS, high school; NRS. numeric rating scale; ED, emergency department
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