
The Potential Contribution of Stress Systems to the Transition to
Chronic WAD

Samuel A McLean, MD
Department of Anesthesiology, N2201 UNC Hospitals, Campus Box 7010, Chapel Hill, NC
27599-7010, USA. Tel.: +1 919 843-5931; fax: + 1 919 966-1470
Samuel A McLean: samclean@email.unc.edu

Abstract
Study Design—A narrative description highlighting preclinical and clinical evidence that
physiologic stress systems contribute to WAD pathogenesis.

Objective—To present several lines of evidence supporting the hypothesis that physiologic stress
systems contribute to WAD pathogenesis.

Summary of Background Data—In addition to subjecting soft tissue to biomechanical strain,
a motor vehicle collision (MVC) event is also an acute stressor which activates physiologic stress
systems. Increasing data from animal and human studies suggest that the activation of these stress
systems may contribute to long lasting changes in pain sensitivity after tissue injury.

Methods—Non-systematic review of several lines of evidence that together suggest that
physiologic systems involved in the stress response may contribute to the development of WAD.

Results—Stress systems which appear capable of producing hyperalgesia and allodynia include
catecholaminergic systems, serotonin systems, and the hypothalamic-pituitary-adrenocortical
(HPA) system. Evidence for the role of these systems comes, in part, from studies examining the
association between genetic variants and chronic pain outcomes. For example, in a recent study of
acute neck pain after MVC, patients with certain genotypes of an enzyme involved in
catecholamine metabolism were more than twice as likely to report moderate or severe neck pain
in the emergency department. Such pain vulnerability due to stress system function may interact
with the effects of biomechanical injury and psychobehavioral responses to influence the
development of WAD.

Conclusion—More research examining the influence of stress systems on WAD are needed. If
these systems do influence WAD outcomes, then treatments which diminish the adverse effects of
stress systems may be a useful component of multimodal therapeutic interventions for individuals
at risk of chronic pain development after MVC.
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Introduction
Several epidemiologic characteristics of Whiplash Associated Disorders (WAD) seem
incompatible with a purely biomechanical pathogenesis. First, the incidence of chronic pain
following motor vehicle collision (MVC) is strongly influenced by sociocultural factors.1–3

In addition, collisions that occur in other non-threatening settings (e.g. in bumper cars) exert
the same biomechanical stress as a low speed MVC,4 yet prolonged WAD after bumper car
collisions are rare5. The results of one small clinical study even suggest that physical

NIH Public Access
Author Manuscript
Spine (Phila Pa 1976). Author manuscript; available in PMC 2012 December 1.

Published in final edited form as:
Spine (Phila Pa 1976). 2011 December 1; 36(25 Suppl): S226–S232. doi:10.1097/BRS.
0b013e3182387fb4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



collision may not be necessary for WAD symptoms, as a minority of individuals exposed to
a “sham” (placebo) rear-end collision reported whiplash symptoms three days after the
event.6

In the broader pain field, chronic musculoskeletal pain pathogenesis is summarized in
biopsychosocial models such as the well known cognitive-behavioral model of Vlaeyen et
al.7 In brief, according to this model patients with initial WAD symptoms who greatly fear
the experience of pain (e.g. because of the belief that pain denotes permanent body damage
being done) withdraw from activities, promoting disuse, disability, and increased pain. This
further heightens fear, leading to a vicious cycle of disuse, disability, pain, and fear.
Vlaeyen’s model7 and its application to WAD8 exemplifies the progress that has been made
in identifying psychobehavioral factors that may contribute to persistent pain development.
However, the fear-avoidance model does not identify candidate neurobiological mechanisms
which mediate the development of the pain symptoms which are the hallmark of WAD9–12.

The purpose of this narrative review is to present several lines of evidence that together
suggest that physiologic systems involved in the stress response may contribute to the
development of WAD. Because this review is concerned with the potential influence of
stress systems in total, and because the mechanisms by which stress systems may influence
pain and other somatic symptoms are myriad and complex, this is not a comprehensive
review of specific physiologic mechanisms. For the same reasons, stress systems are
considered broadly. For example, there are a number of catecholaminergic systems which
may be activated in response to stress exposure, including central catecholaminergic
systems, the sympatho-adrenomedullary system, and sympatho-neural systems.13 For the
purposes of this discussion, all of these systems will together be referred to simply as
“catecholaminergic systems”.

Stress systems, such as these catecholaminergic systems, are extremely useful in optimizing
the response of an organism to immediate environmental circumstances (e.g. by increasing
vigilance and energy mobilization14,15). However, there is increasing appreciation that the
activation of these systems can also have adverse biologic consequences. For example, the
activation of catecholaminergic systems in the setting of a surgical stressor has been shown
to increase both immediate and long term cardiovascular sequelae.16,17 Interestingly, while
less well appreciated, there is increasing evidence that the activation of these systems may
also contribute to the development of post-stress pain and somatic symptoms.18 Evidence
suggesting that the activation of stress systems may contribute to pain and somatic
symptoms after MVC will be described below. Several animal models of stress-induced
hyperalgesia will be reviewed, and evidence regarding the potential influence of several
specific stress system components on neurosensory processing will be presented. In the final
sections, potential clinical implications of these findings will be discussed and current
research needs and future directions will be described.

Animal Models Indicate that Stress Exposure without Injury Can Alter Pain
Sensitivity

Data from animal models of stress exposure indicate that stress system activation is itself
capable of altering pain processing, even in the absence of tissue trauma. These models will
be briefly described; a more extensive review can be found in Imbe et al19. A number of
experimental rat models have demonstrated that exposure to a single, brief, non-noxious
stress can induce hyperalgesia.20–23 Stress exposures used in these studies included placing
the animal in a novel environment, holding the animal so that it cannot escape, and placing
the animal on a vibrating plate.20–23 The duration of hyperalgesia produced by these single
brief stress exposures was relatively short.
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Other models using repeated exposures (e.g. to cold24, restraint25–28, or swimming29) have
produced more long-lasting changes in pain sensitivity. Cold exposure for several
consecutive days has been shown to result in decreased mechanical pain threshold, which
lasts for a number of days after the end of the exposure period.24 Repeated swim stress
exposure, in which rats must swim 10–20 minutes for 3 days (inescapable, non-painful,
moderate swim stress) has been shown to produce hyperalgesia to both thermal and
chemical stimuli.29 When animals were tested 8 and 9 days after stress exposure, this
hyperalgesia was still present.29 Repeated restraint stress (for example, restraint of rats in a
plastic tube 1 hour per day, 5 days a week for 40 days) has also been shown to produce long-
lasting hyperalgesia.25–28 Together, these animal studies provide support for the hypothesis
that a stressful experience does not have to produce tissue injury in order to produce
prolonged changes in pain sensitivity.

Influence of Stress Systems on Pain Sensitivity May Change over Time
after Stress Exposure

When examining the influence of stress systems on pain after stress exposure, it is important
to appreciate that the influence of stress systems on pain and somatic symptoms after stress
exposure may change over time. For example, it has been shown that in order to form long-
lasting memories (“flashbulb memories”) of a stressful event, the same set of stress response
effectors produces a brief period of memory formation followed by a longer period of
memory inhibition.30,31 Such mechanisms may, in part, provide an explanation for
discoveries regarding the opposing effects of catecholaminergic systems on pain.

Since the middle of the last century, it has been appreciated that the activation of
catecholaminergic systems can produce immediate analgesia.32,33 Indeed, it is part of
common lay understanding that such immediate analgesia is a component of the “flight or
flight” response. However, while the immediate influence of catecholaminergic systems is
often to reduce pain, more recent evidence indicates that continued activation of these
systems may result in hyperalgesia and allodynia34–40. These data, reviewed below, have
prompted a renewed examination of the potential influence of catecholaminergic systems on
chronic pain development after traumatic events such as MVC.

Evidence that Catecholaminergic Systems Influence Pain Sensitivity
In humans, the chronic administration of catecholamines has been shown to produce a
painful arthritis-like syndrome.41 Importantly, in addition to these direct effects on pain
sensitivity, catecholamines have also been shown to enhance pain due to tissue injury and
inflammation. For example, in animal models of rheumatoid arthritis, the sustained
bioavailability of epinephrine (either released from the adrenal medulla or administered
exogenously) substantially augments inflammatory mediator-induced hyperalgesia.35,36

Similarly, increasing catecholamine levels have been shown to increase carrageenan-
induced pain.34

Also, just as increased catecholamines have been shown to increase pain, a reduction in
catecholamine effects has been shown to reduce pain and/or prevent enhanced pain
sensitivity. Denervation of sympathetic noradrenergic fibers and the depletion of peripheral
epinephrine have been found to attenuate arthritic responses.37,38 In humans, sympathetic
blockade or the administration of the β-adrenergic receptor antagonist propranolol have been
observed to reduce the severity of arthritis and joint responses to injury, and to provide pain
relief for patients with chronic musculoskeletal pain syndromes.42–45 Together these studies
provide substantial evidence that catecholamines may cause pain directly and/or increase
pain caused by tissue injury. If this is the case, then it may be hypothesized that genetic
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variations which influence catecholamine metabolism (and catecholamine levels) influence
pain outcomes after MVC. Preliminary evidence supports this hypothesis.

Specific Catecholaminergic System Components: Catechol-o-methyltransferase enzyme
Catechol-o-methyltransferase (COMT) is the primary enzyme which degrades
catecholamines. In animal studies, increasing catecholamine levels via the inhibition of this
enzyme has been shown to produce allodynia and hyperalgesia.34 The increase in pain
sensitivity produced by elevated catecholamines has been found to be comparable in
magnitude to that produced by the intraplantar injection of carrageenan (an inflammatory
agent).34

Previous work has identified three common variations, or haplotypes, of the COMT gene
that code for different levels of COMT enzymatic activity and influence an individual’s pain
sensitivity.40 The LPS haplotype codes for the highest enzyme activity and is associated
with the highest pain tolerance. The APS haplotype codes for comparably less enzyme
activity and is associated with average pain tolerance. The HPS haplotype codes for the least
enzyme activity and is associated with the lowest pain tolerance.40 In a recent study of 89
patients presenting to the emergency department (ED) for evaluation in the hours after
experiencing a MVC, individuals with a COMT pain vulnerable genotype (defined as
genotypes that did not include at least one copy of the LPS haplotype) were more than twice
as likely to report moderate-to-severe musculoskeletal neck pain in the ED (76% vs. 41%,
RR = 2.1 (1.3–3.4)).46 Individuals with a COMT pain vulnerable genotype were also more
likely to report moderate or severe headache in the ED (61% versus 33%, RR = 3.15 (1.05–
9.42)), and moderate or severe dizziness in the ED (26% versus 12%, RR = 1.97 (1.19–
3.21)).46 Individuals with a pain vulnerable genotype also experienced more dissociative
symptoms in the ED, and estimated a longer time to physical recovery (median 14 versus 7
days, P = .002) and emotional recovery (median 8.5 versus 7 days, P = .038).46 These
findings support the hypothesis that genetic variations affecting stress system function
influence the somatic and psychological response to MVC, and provided the first evidence
of genetic risk for clinical symptoms after MVC. Because acute neck pain intensity is a
strong risk factor for the development of WAD,47 these data also suggest that genetic
variations in COMT may predict chronic post-MVC pain.

Specific Catecholaminergic System Components: Adrenergic receptors
Adrenergic receptors transduce the cellular response to catecholamines. If adrenergic
pathways involved in the stress response influence pain sensitivity and vulnerability to
develop persistent pain, then pain processing would also be expected to be influenced by the
function of adrenergic receptors. Available evidence suggests that this is the case.

α1-adrenoceptor activity has been shown to sensitize nociceptive neurotransmission at both
peripheral and central nervous system sites48 and to upregulate known pain and
inflammatory mediators such as STAT and cytokines.49 Consistent with these findings, α1-
adrenoceptor agonists such as phenylephrine generally have a pro-nociceptive effect.50–56

α1-adrenoceptors are subclassified as α1A, α1B, and α1D. α1A and α1D receptors have been
shown to contribute to inflammatory pain50 and heat pain57 sensitivity, respectively. In
addition, the three α1-adrenoceptor subtypes have been shown to be differentially expressed
in response to painful nerve damage, suggesting that nociceptive stimulation likely regulates
the expression of these genes.58 In a recent prospective study, genetic variations in α1A
receptors were found to be associated with up to a 9-fold increase in vulnerability to develop
a common musculoskeletal pain condition, myogenous TMD.59 Further assessments of the
influence of genetic variations in α1A receptors on acute pain and vulnerability to persistent
pain after motor vehicle collision (MVC) are needed.
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α2-adrenoceptor agonists such as clonidine are widely used as analgesics.60 α2-
adrenoceptors are subclassified as α2A, α2B, and α2C. α2A receptors have received the most
study, and have been shown to help mediate adrenergic antinociception.61,62 Little work has
been done examining the influence of specific α2 genes on pain sensitivity, with the
exception of a single study which found that variations in α2A and α2C receptors were
associated with somatic symptom scores in irritable bowel disease patients.63

The β2-adrenoceptor has received relatively more study, and has been associated with
variation in nociceptive function.39,64 Cardiovascular function, particularly arterial blood
pressure, appears to be influenced by β2-adrenoceptors,39,65 and cardiovascular and pain
regulatory systems are closely associated with one another.66,67 A recent prospective study
of the development of a common musculoskeletal pain disorder found that variation in the
gene encoding the β2-adrenoceptor is associated with vulnerability to develop persistent
pain.39 In addition, a recent report identified an association between clinical conditions
characterized by musculoskeletal pain and somatic symptoms and the minor allele for the
gene encoding the β3-adrenoceptor.68 The above data suggest that adrenergic receptor
function may be associated with pain vulnerability, including vulnerability to WAD after
MVC. Studies assessing the potential association between adrenergic receptor function and
acute and persistent WAD symptoms after MVC are needed.

Evidence that hypothalamic-pituitary-adrenocortical (HPA) Axis Activity
Influences Pain Sensitivity

Acute stressors trigger the release of corticotrophin-releasing factor, which initiates the
activation of the hypothalamic-pituitary-adrenocortical (HPA) axis and the release of
cortisol.15 Variation in HPA axis function has been shown to predict the development of
pain and somatic symptoms in large population-based studies,69,70 in patients undergoing
surgery,71 and in experimental studies of patients exposed to standardized stressors.72 It can
be hypothesized that individual variation in cortisol levels after MVC may influence the
balance of peripheral pro-inflammatory cytokines, which may contribute to pain symptoms
via peripheral or central mechanisms.73

Variation in the function of glucocorticoid receptors may also influence vulnerability to pain
after stress exposure. There is increasing appreciation that the physiology of glucocorticoid
receptors is highly complex.74 Glucocorticoid receptors are located throughout the central
nervous system, including both the brain and spinal cord dorsal horn. The activation of
central glucocorticoid receptors has been shown to reduce systemic mechanical pain
thresholds.75 Glucocorticoid receptors in the spinal cord dorsal horn respond to peripheral
nociceptive stimulation 76,77 and are capable of inducing antinociception.78–80 In addition,
there appears to be substantial functional interactions between central glucocorticoid and
opioid analgesic systems.81 Several genetic variations in glucocorticoid receptors and
associated regulatory elements have been associated with an altered HPA axis stress
response.82,83 More work examining associations between genetic polymorphisms related to
HPA axis function and the development of acute and chronic WAD symptoms after MVC
are needed.

Evidence that Serotonin Activity Influences Pain Sensitivity
Serotonin is primarily located in nine clusters of cells in the brainstem, termed the raphe
nuclei, which extend projections to almost all areas of the brain and spinal cord.84,85 Some
raphe nuclei are stimulated by corticotrophin releasing factor, and the activation of serotonin
pathways is part of the acute stress response.86 Serotonergic projections to the spinal cord
are believed to play an important role in the inhibition and/or facilitation of nociceptive
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inputs (reviewed in Millan85), and thus play an important role in enhancing/prolonging or
extinguishing acute pain. This role is achieved, at least in part, via influencing the
antinociceptive effects of opioids at the spinal cord level.87,88 Serotonin reuptake inhibition
is believed to be an important component of the analgesic efficacy of commonly used
analgesic medications. A genetic variation in the serotonin transporter that results in
relatively low levels of serotonin availability has been found to be associated with several
chronic pain conditions, including fibromyalgia,89 irritable bowel syndrome,90 and tension
headache.91 More work examining associations between genetic polymorphisms influencing
serotonin physiology and the development of acute and chronic WAD symptoms after MVC
are needed.

Clinical Implications
The above examples support the hypothesis that that stress systems influence neurosensory
processing. After a MVC, the influence of such systems is likely to interact with the effects
of biomechanical injury and the psychological response to cause the alterations in
neurosensory processing which are the hallmark of WAD. If this is indeed the case, then
treatments that dampen the effect of these systems may provide another “arrow in our
quiver” of multimodal therapeutic interventions to help individuals who are at risk of
chronic symptom development.

In the animal model of stress-induced sensory changes mentioned in the introduction, it has
been shown that the changes in sensory threshold and muscle hyperalgesia induced by stress
exposure can be attenuated or prevented by pretreatment with medications which influence
stress system biology.29,92 For example, animal pretreatment with medications which
augment central serotonin (e.g. fluoxetine) has been shown to attenuate sensory threshold
changes and to reduce muscle hyperalgesia caused by stress exposure.29,92 Whether the use
of medications in humans which modify the influence of the stress response after stress
exposure can improve WAD outcomes is unknown. However, it is possible that in selected
patients such interventions may be useful adjuncts to current treatments and improve WAD
outcomes.

Current Research Needs and Future Research Directions
This review has highlighted several lines of evidence supporting the potential influence of
stress systems on neurosensory processing and the development of hyperalgesia and
allodynia. Importantly, this review was not a comprehensive review of all stress systems
potentially involved in WAD, nor of all mechanisms by which stress systems may influence
neurosensory processing (e.g. little discussion was devoted to potential peripheral
mechanisms). Most importantly, very little data was obtained from patient cohorts
experiencing MVC. Research is needed which assesses the ability of measures of stress
system function to predict persistent WAD symptom outcomes after MVC. Such studies
would help determine whether stress system function influences WAD outcomes. Measures
of stress system function assessed might include assessments of HPA axis function (e.g.
cortisol levels) and/or autonomic nervous system function (e.g. heart rate variability
assessment) collected around the time of MVC. Other studies which would provide useful
information regarding the importance of stress systems in the pathophysiology of WAD are
studies that assess whether genetic variations determining the function of important
components of these systems are associated with risk of WAD symptom development.
These studies should simultaneously examine a range of outcomes after MVC, including
both regional and widespread pain and psychological sequelae, so that the potential
influence of stress system function across a number of important patient outcomes can be
assessed. Similarly, the potential interaction between stress system measures and other
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patient characteristics (e.g. psychological and cognitive-behavioral characteristics) in
shaping patient outcomes should also be examined.

If such observational studies indicate that stress systems may play an important role in the
pathophysiology of WAD, either alone or via interactions with other factors, then studies
providing interventions for selected high risk individuals which target one or more stress
system components may be worthwhile. The identification of those high risk individuals
most likely to benefit from the intervention is likely to be crucial in this regard. This is
because WAD patients, like patients with other common musculoskeletal pain conditions,
are likely to be heterogeneous. Thus the contribution of a particular etiologic factor or
biologic pathway to patient outcomes may vary a great deal from patient to patient.
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Key Points

1. Data from animal and human studies demonstrate that physiologic stress
systems modulate pain sensitivity.

2. Several animal models of stress exposure have shown that stress exposure itself,
in the absence of tissue injury, is capable of producing long lasting changes in
pain sensitivity.

3. A genetic variant influencing the metabolism of catecholamines, hormones
central to the endocrine response to stress, has been shown to predict acute pain
and psychological symptoms in the aftermath of motor vehicle collision (MVC).
This type of genetic vulnerability may interact with the effects of biomechanical
injury and psychobehavioral responses to influence the development of WAD.

4. Treatments which diminish the adverse effects of stress systems may be a useful
component of multimodal therapeutic interventions for individuals at risk of
chronic pain development after MVC.
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