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Abstract
Chronic Fatigue Syndrome (CFS) is characterized by debilitating fatigue, often accompanied by
widespread muscle pain that meets criteria for Fibromyalgia Syndrome (FMS). Symptoms become
markedly worse after exercise. Previous studies implicated dysregulation of the sympathetic nervous
system (SNS), and immune system (IS) in CFS and FMS. We recently demonstrated that Acid
Sensing Ion Channel (likely ASIC3), purinergic type 2X receptors (likely P2X4 and P2X5), and the
transient receptor potential vanilloid type 1 (TRPV1) are molecular receptors in mouse sensory
neurons detecting metabolites that cause acute muscle pain and possibly muscle fatigue. These
molecular receptors are found on human leukocytes along with SNS and IS genes. Real-time,
quantitative PCR showed that 19 CFS patients had lower expression of β-2 adrenergic receptors but
otherwise did not differ from 16 controls before exercise. After a sustained moderate exercise test,
CFS patients showed greater increases than controls in gene expression for metabolite detecting
receptors ASIC3, P2X4 and P2X5, for SNS receptors α-2A, β-1, β-2 and COMT, and IS genes for
IL10 and TLR4 lasting from 0.5–48 hours (P< .05). These increases were also seen in the CFS
subgroup with comorbid FMS and were highly correlated with symptoms of physical fatigue, mental
fatigue and pain. These new findings suggest dysregulation of metabolite detecting receptors as well
as SNS and IS in CFS and CFS-FMS.

Perspective—Muscle fatigue and pain are major symptoms of CFS. Following moderate exercise,
CFS and CFS-FMS patients show enhanced gene expression for receptors detecting muscle
metabolites and for SNS and IS, which correlate with these symptoms. These findings suggest
possible new causes, points for intervention and objective biomarkers for these disorders.
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Introduction
Chronic Fatigue Syndrome (CFS) is defined by the CDC as “persistent or relapsing fatigue not
relieved by rest that severely compromises activities of daily life for 6 months or longer, for
which other possible medical causes have been ruled out.” In addition, the CDC diagnosis
requires at least 4 of 8 additional symptoms, including muscle pain, joint pain, tender lymph
nodes, sore throat, headaches of a new type, impairment of memory or concentration,
unrefreshing sleep and postexertional malaise lasting longer than 24 hours 17. One of the most
common conditions comorbid with CFS is Fibromyalgia (FMS, defined by chronic widespread
pain and hyperalgesia at defined tender points), with up to 70% of patients with CFS also
having FMS concurrently or in the past 1. All of the symptoms of CFS and FMS are subjective,
making diagnosis and treatment difficult. Clearly, objective biomarkers for these syndromes
are needed.

As with other diseases of unknown etiology, one strategy to find clues for its causes is to use
gene expression microarrays to determine genes that are over or under expressed in CFS
patients. A few attempts have been made to determine biomarkers utilizing gene expression
with small populations of CFS patients, but results to date have been mixed 3;15;30;61;78.
One explanation for this discordance may be that multiple types of CFS exist, with each type
having a different gene expression profile. As many as 7 subtypes of CFS have been proposed
based on gene expression 6;30. Other investigators have used a more directed approach using
quantitative mRNA measurements of genes related to immune function, again with little
concordance between the genes investigated 3;46;65.

We have followed a different strategy in our attempts to use gene expression to determine
useful biomarkers for CFS and to determine factors for initiation and maintenance of this
syndrome. We focused on genes that might contribute to the primary symptom of CFS,
fatigue, and on two of the most common additional symptoms, muscle pain and long-lasting
post-exertional worsening of symptoms.

Fatigue has many definitions, from loss of voluntary muscle contraction to the perception of
“feeling tired”. However, the symptoms described in CFS, and scored in fatigue inventories
more closely approaches the latter phenomenon. This “fatigue” emanates from muscles and
from a unique cognitive state in the brain. This sensation of fatigue from muscles (which can
occur with or without muscle pain) is caused by metabolites produced during muscle
contraction and is enhanced following exhausting exercise in normal subjects. However,
moderate exercise causes little long-lasting post-exercise fatigue and usually no muscle pain
in normal subjects, while these symptoms are often exacerbated following even mild exercise
in CFS patients 76.

To learn more about sensory muscle fatigue and pain, we conducted mouse experiments
determining the types of sensory neurons that encode metabolites produced by muscle
contraction. We found at least two classes of sensory neurons 37. These two classes of sensory
neurons likely represent 1) sensory neurons capable of sending signals interpreted as physical
fatigue, and 2) sensory neurons capable of sending signals interpreted as muscle pain. Our
analysis using antagonists and agonists suggested at least 4 molecular receptors acted
synergistically to detect the metabolites produced by muscle contraction. These include an
Acid Sensing Ion Channel (also called Amiloride Sensitive Ion Channel) or ASIC (most likely
ASIC3), 2 Purinergic X type receptors (P2X5 and/or P2X4) that are activated by ATP, and
Transient Receptor Potential Vanilloid Type 1 (TRPV1) that is activated by heat, acid or
endocanabinoids. The difference in coding between the “fatigue” vs. the “nociceptive” sensing
pathways appeared to be related to the P2X5 vs. P2X4 receptors with P2X5 conveying the
increased sensitivity needed to detect low concentrations of metabolites associated with
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“fatigue”. The sharing of most (but not all) molecular receptors by “fatigue” and “nociceptive”
muscle afferents predicts at least some overlap between fatigue symptoms in CFS and muscle
pain symptoms. Other investigators have found that ASIC3 is greatly increased by muscle and
joint inflammation, which induced hyperalgesia 22;40;41;75. Thus, we suggest that the primary
symptoms in CFS, fatigue and muscle pain, result from enhanced activation of “fatigue” and
”nociceptive” afferents supplying muscle. It follows that increased expression of the molecular
receptors encoding metabolites could be a marker of enhanced fatigue and/or muscle pain.

The sympathetic nervous system (SNS) because of its major role in regulating regional blood
flow in response to the metabolite buildup in working muscles, and the immune system (IS)
because of its ability to alter the sensitivity of both peripheral and central sensory pathways
could also contribute to symptoms of CFS and FMS. The Hypothalamic-Pituitary-Adrenal
(HPA) axis has also been implicated in the induction and maintenance of CFS. These are the
same systems in which dysregulated genes have been found using micro array analysis in CFS
patients 3;6;30;61. Specifically, 1) adrenergic receptors may be altered in CFS (see review
by Johnson et al. 26), and 2) immune cell cytokines and receptors may be altered in CFS
46;72, although many discrepancies exist (see review by Natelson et al. 44). 3) Finally,
polymorphisms in HPA axis receptor genes, and dysregulated levels of HPA hormones and
expression of HPA axis genes have also been implicated in CFS 24;59;73.

Because circulating immune cells respond to adrenergic agonists and metabolite increases in
skeletal muscle 13;14;33;48;56, and because the IS is implicated in CFS, we looked at
alterations in mRNA from metabolite detecting, adrenergic, and immune function genes
extracted from leukocytes of CFS patients and compared them with mRNA alterations in
control subjects. Because fatigue and muscle pain in CFS and FMS are exacerbated by physical
exercise to a much greater extent than in control subjects, we looked at gene expression before
and after 25 minutes of mild exercise at times before, during and after we had found increased
gene expression in these 3 systems in normal subjects exercising at maximal levels.

Initial experiments with normal subjects indicated that mRNA for Metabolite detecting
(ASIC3, P2X4, P2X5, TRPV1), Adrenergic (α-2A, β-1, β-2, COMT), and Immune (IL6,
IL10, TNFα, TLR4, CD14) was upregulated at 8 and 24 hours after strenuous exercise. The
mRNA increases returned to near normal levels 48 hours after strenuous exercise 38. This time
course of mRNA increases mimicked the reports of delayed onset muscle soreness (DOMS)
and delayed muscle fatigue in these normal subjects. CFS patient report that even moderate
exercise that does not cause DOMS or muscle fatigue in normal subjects causes physical fatigue
and pain that lasts 48 hours or longer. Therefore, we tested the hypotheses that 25 minutes of
moderate exercise would increase the gene expression of the aforementioned genes measured
8, 24, and 48 hours after exercise in CFS patients, but not in normal subjects. We further
collected subjective measurements of fatigue and pain, and also measured some exercise
physiological parameters to determine if the alterations in gene expression were related to
fatigue and/or pain symptoms in CFS patients and controls.

Methods
Participants

All research reported here was approved by the University of Utah Institutional Review Board,
and upon arrival to the laboratory informed consent was obtained from all subjects and patients.
(These data were obtained in the same experiments reported in White A.T. et al. 2009
submitted). Due to some data loss during mRNA assays, the sample for the present report
included 19 CFS patients (15 females) and 16 Control subjects (11 females). This ratio of 4
times as many females and males is typical in CFS research, and is also consistent with
observations from large scale incidence and prevalence studies, including the Wichita sample
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60. One female control subject developed Fibromyalgia within a year of being tested and was
excluded from these analyses. All CFS patients met the CDC criteria for CFS (Fukuda et al.,
1994). Prior screening had excluded all other known causes for persistent or relapsing fatigue
in these CFS patients. Exclusion criteria included active upper respiratory infections, use of
corticosteroids, SNS agonists, or prescription analgesics known to affect SNS, HPA or cytokine
activity, and/or uncontrolled cardiovascular or pulmonary disease. All discontinued any such
drugs for 3 days before and 3 days during the exercise protocol (verified at the time of testing).
Due to the 4–6 week downward-titration required, use of antidepressants was not discontinued.
Five of 15 Control subjects (33%) and 8 of 19 CFS patients (42%) had been previously
diagnosed with clinical depression and were tested while continuing their physician prescribed
antidepressants. In preliminary analyses, only one measure (baseline TLR4) showed a
significant difference with lower levels for those on antidepressants (P < .05). All patients were
also screened for FMS using the American College of Rheumatology (ACR) criteria, which
includes presence of widespread pain for at least 6 months, and pain reported at 11 or more of
18 sites during tender point examination. Thirteen of the 19 CFS patients (68%) also met ACR
criteria for FMS, similar to the high comorbidity of these disorders previously reported 2;9;
27. For primary analyses, all 19 CFS patients were compared to the 15 Controls. In separate
secondary analyses, the 13 patients meeting criteria for both CFS and FMS were compared to
Controls. Because only 6 patients met criteria for CFS without FMS, our sample lacked
sufficient statistical power to examine effects in this subgroup by itself.

Protocol Overview
All participants refrained from formal exercise other than the required exercise test for a period
of 4 days beginning 48 hours preceding the exercise test until after the final (48 hr) blood
sample was taken. Venous blood samples (from the arm) were obtained at baseline and at 0.5,
8, 24, and 48 hours post-exercise. To assess the severity of pre-existing and exercise-related
fatigue and myalgia symptoms at the time of each blood draw and at the midpoint and
immediately after completing the exercise task, the subject provided numerical ratings of
mental fatigue, physical fatigue and overall body pain using a 0–100 scale where 100 was
defined as the greatest level of fatigue or pain the subject could ever imagine experiencing.
Immediately following the baseline blood draw, participants began the exercise session, as
described below.

Exercise Protocol
A combined arm-leg cycle ergometer (Schwinn Air-Dyne) was used for the 25-min, whole-
body exercise test. In the first five minutes of exercise, subjects were asked to increase pedaling
rate until 70% age-predicted maximal heart rate was achieved. Thereafter, work rate was
adjusted in order to maintain this target heart rate throughout the submaximal exercise protocol.
Ratings of Perceived Exertion (RPE) were obtained on a scale of 1–10 every 5 minutes; heart
rate was recorded each minute, and blood pressure was measured at baseline, every 10 minutes
during exercise, and upon completion of the exercise. We elected to use a sustained moderate
exercise rather than a maximal exercise test (which typically last only 5–9 min in CFS patients)
because of closer similarity to the natural exercise experiences reported to exacerbate CFS
symptoms in patients’ daily lives. Our 25 min submaximal exercise task did elicit consistent
worsening of fatigue and pain symptoms from 8–48 hours post-exercise (see Results). In
contrast, after a briefer maximal exercise task, reports of worsening CFS symptoms were
inconsistent or absent until 5 days after the challenge 81, a pattern not typically observed in
real life. Maximal exercise protocols have demonstrated few differences in cardiorespiratory
and perceptual responses (RPE for example) between CFS patients and fitness matched
controls 10. However, it is notable that responses to submaximal exercise including VO2 do
predict peak exercise performance in CFS patients 52.
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mRNA extraction and analysis
All blood processing and analyses were performed by personnel blinded to the subject’s group.
At each of the 5 blood sampling times, blood was collected in EDTA tubes. Seven minutes
after blood collection, the blood was centrifuged at 3200 rpm (1315 × g- Clay Adams Compact
II Centrifuge) for 12 minutes, plasma removed, and the white layer carefully collected in
RNase-Out (Invitrogen, Carlsbad, CA) and RNA-later (Qiagen, Valencia, CA), then quickly
frozen using a methanol-dry ice slurry, and stored at −80°. RNA was extracted using RNeasy
kits (Qiagen, Valencia, CA), according to manufacture’s directions, and treated with RNase-
free DNase-I (Qiagen, Valencia, CA). Immediately following extraction, RNA was converted
to a cDNA library using the ABI High Capacity cDNA Archive Kit (Applied Biosystems, Inc.,
Foster City, CA).

The cDNA samples were stored at −80°C until analysis by quantitative real-time PCR. The
cDNA libraries were analyzed using the ABI quantitative, real-time PCR system on the ABI
Prism 7900 Sequence Detection System (Applied Biosystems, Inc., Foster City, CA), using
ABI TaqMan Master Mix (Applied Biosystems, Inc., Foster City, CA). Master Mix/primer
probe solutions and template solutions were separately loaded onto 96 well preplates, with
robot loading mixing these solutions when placed in the 384 well plates. Plates were centrifuged
to remove any air bubbles in the wells. Each sample was run in duplicate with standards being
run in quadruplicates, and with one “no template” control. Each 384 well plate contained
samples from two subjects/patients, and all genes were analyzed on the same plate. Primer
probes (all from TaqMan Gene Expression Assays, Applied Biosystems, Inc., Foster City, CA)
were:

ASIC3 - Hs00245097_m1; P2X4 - Hs00175706_m1; P2X5 - Hs00175712_m1; TRPV1 -
Hs00218912_m1; Adrenergic A2A - Hs00265081_s1; Adrenergic B-1 - Hs02330048_s1;
Adrenergic B-2 - Hs00240532_s1; COMT - Hs00241349_m1; IL6 - Hs00174131_m1; IL10
- Hs00174086_m1; TNFα- Hs00236874_m1; TLR4 - Hs00152937_m1; CD14 -
Hs00169122_g1. Control primer probes included TF2B - Hs00155321_m1; β-Actin -
Hs99999903_m1; PSMB6 - Hs00382586_m1; 18S - 4333760T; and GAPDH -
Hs99999905_m1.). All primer probes, except for the adrenergic receptors and CD14 (these
genes do not have introns), recognize sequences that cross splice sites, and therefore, make
detection of genomic DNA unlikely. In all cases we quenched the genomic DNA and ran no
template control wells to ensure that contamination did not influence the final results. All of
these primer probes were designed and tested to be used together, and have similar efficiencies
to help eliminate inaccuracy. For the genes that have rarely been described in leukocytes
(Adrenergic A2A, Adrenergic B-1, P2X5, TRPV1, ASIC3) we designed primers that
contained 360 to 600 base-pairs, which included the mRNA regions ABI indicated the Primer
probes listed above spanned. PCR product was generated from our cDNA libraries and
sequenced. All of these sequences were >99–100% identical to the predicted mRNA sequences
from transcribed these genes. Evaluation of Controls in this and previous experiments indicated
that TF2B had less intrinsic variation, had a count range that was similar to the genes of interest,
and did not increase or decrease due to the exercise protocol. Real-time PCR results were
analyzed with SDS 2.1 (Applied Biosystems, Inc., Foster City, CA), inspected to determine
artifacts, (loading errors, robot errors, thresholding errors, etc.). Count numbers were exported
to an Excel spreadsheet, and analyzed according to the ddCT method described in ABI User
Bulletin #2 (Applied Biosystems, Inc., Foster City, CA). Baseline levels for each gene were
computed relative to TF2B, and these baselines were used as the comparator for all measures
taken after the exercise period (see statistical methods below for further analysis details).
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Complete Blood Cell Counts (CBC)
CBCs with differential subtyping were obtained by standard laboratory assays (ARUP, Salt
Lake City, UT) from separate blood samples collected in EDTA tubes. Measures obtained
included total red blood cells, hematocrit and hemoglobin, platelets, and total white blood cells
plus subtypes including monocytes, eosinophils, lymphocytes and granulocytes. Group
differences in these CBC measures have been reported separately (White A.T., 2009,
submitted). These group differences were small and should not affect the mRNA results
reported here (see Discussion).

Statistical Analysis
Because the ddCT method used for mRNA analysis necessarily creates a non-normal,
rightward skewed distribution, data were log transformed to yield distributions that could be
appropriately analyzed with parametric statistics. Baseline differences between Controls and
CFS patients (and secondarily between CFS-FMS patients and Controls) were determined with
one-way ANOVA. Similar approaches were used to compare cardiovascular, work rate and
RPE measures obtained during the exercise task.

Post-exercise values for each gene expression measure were first normalized relative to the
same subject’s baseline levels (1.00 = baseline). To minimize the increase in the likelihood of
obtaining false positive results when examining multiple outcomes, we took two conservative
steps. First, instead of examining group differences separately at each of the 4 post-exercise
time points, we combined them into a single measure labeled Area Under the Curve (AUC).
The post-exercise AUC for each gene expression measure was computed by summing the 0.5,
8, 24, and 48 hour values, after which these AUC measures were log transformed. Second,
before examining univariate ANOVA results, we first grouped our AUC measures into 3
categories (metabolite detecting markers, adrenergic markers and immune markers), and then
employed multivariate analyses of variance (MANOVA) to examine whether there were
reliable group differences in each of these 3 outcome categories. These three MANOVAs each
yielded significant overall effects of Group in the direction of greater post-exercise mRNA
increases among CFS patients vs. Controls (F 4,23 = 2.21, P < .05, F 4,23 = 3.29, P < .015 and
F5,23 = 3.29, P < .005 respectively one-tailed), which allowed us then to examine univariate
effects of Group on each specific AUC measure using one-way ANOVAs.

To examine whether Group differences were related to differences in age, gender, or body mass
index (BMI), the MANOVAs and univariate ANOVAs were repeated with each of these
included in the model as covariates. In no instance was age or gender a significant covariate,
while BMI was significant for two measures: β-1 and β-2 AUC; thus, results for these measures
are reported both before and after adjusting for BMI. Based on a priori hypotheses that CFS
patients would show greater post-exercise AUC increases than Controls in gene expression for
metabolite detecting measures ASIC3, P2X4 and P2X5, these three group comparisons
employed one-tailed tests, while all other analyses employed two-tailed tests. In addition to
group comparisons, Pearson r correlations were used to examine relationships between
exercise variables, pain and fatigue ratings, and gene expression measures. All data are
presented as means and standard errors, with significance set at P < 0.05.

Results
Primary Analyses

Table 1 gives age and BMI as well as the cardiovascular, work performance and subjective
exertion data for all CFS patients vs. Controls. Groups did not differ in age, blood pressure, or
heart rate levels at baseline or during the exercise task. Both groups maintained the task
objective of 70% of maximum age-predicted HR during exercise. The CFS patients did have
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significantly higher BMI than Controls, and they reported significantly higher mean ratings of
perceived exertion (RPE) even though they exercised at significantly lower work rates than
Controls.

Figure 1 depicts fatigue and pain ratings before, during and for 48 hours after the exercise task.
CFS patients had significantly higher ratings than Controls for all three symptoms even at
baseline, and these differences continued at all other times of measurement (Group Effect F
1,32 = 30.88, 52.33, and 25.60, P < .0001 for mental fatigue, physical fatigue and pain,
respectively). There were also increases from baseline levels in these 3 symptoms during and
after exercise (Time Effects F 4,128 = 2.62, 2.66 and 3.07, P < .04). At mid-exercise, both
Controls and CFS patients showed increases over baseline levels in physical fatigue, but only
CFS patients continued to show increased physical fatigue at 0.5, 8, 24 and 48 hours post-
exercise. Also, only CFS patients showed significantly increased levels of pain at 8, 24 and 48
hours and increased mental fatigue at 8 and 48 hours after exercise.

Gene expression measures
Baseline levels of gene expression markers are provided in Table 2. β-2 adrenergic receptor
expression was significantly lower in CFS patients vs. Controls, while α-2A adrenergic
receptor expression was marginally higher (P < .09). None of the other gene expression
measures differed at baseline between Groups.

As previously described for post-exercise AUC measures, initial MANOVAs yielded
significant effects of Group for metabolite detecting genes, adrenergic genes, and immune
genes. Subsequent univariate ANOVAs for metabolite sensing markers (Table 2) yielded
significant Group differences in post-exercise AUC between CFS patients and Controls for
ASIC3, P2X4 and P2X5, but not TRPV1. Figure 2 depicts these data as fold increases relative
to baseline levels (where 1.0 fold = baseline). CFS patients showed consistently greater mean
increases in ASIC3, P2X4 and P2X5 gene expression than Controls across all post-exercise
time points. TRPV1 increases also demonstrated a consistent although non-significant trend
to be higher in the CFS group.

Significant effects of Group were also obtained in the univariate ANOVAs for all of the post-
exercise adrenergic AUC markers (Table 2), due to consistently greater mean increases in α-2a,
β-1 and β-2 adrenergic receptor expression, and greater COMT gene expression in the CFS
patients vs. Controls, as shown in Figure 3.

For β-1 and β-2 where BMI was observed to be a significant covariate, ANOVAs were repeated
with BMI included in the model. Group differences in post-exercise AUC β-2 receptor
expression were still significant. Surprisingly, for the post-exercise AUC increase in β-1
receptor expression, where mean group differences had been greater than any other gene
expression marker, inclusion of BMI in the model caused the effect of Group to become non-
significant (P = 0.19).

For post-exercise immune markers, univariate ANOVAs (Table 2) showed significant group
differences in TLR4 and IL-10 AUC expression, but not in CD14, IL-6, or TNF-α AUC
expression. As depicted in Figure 4, CFS patients showed greater post-exercise increases in
TLR4 and IL-10 than Controls.

Correlations between post-exercise fatigue and pain and the post-exercise AUC gene
expression measures are depicted in Table 3, along with the intercorrelations among the gene
expression measures. As indicated by these relationships, post-exercise increases in metabolite
detecting receptors, adrenergic receptors, and certain immune markers occurred in parallel,
and greater increases in all of these receptors were associated with greater fatigue. Post-exercise
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pain symptoms were not associated with increases in P2X4, P2X5, β-1 or TLR4 receptor
expression, but were linked to ASIC3, TRPV1, α2-a, β-2 and IL-10 increases. Interestingly,
when examined among the CFS patients by themselves, exercise work rate was not correlated
with post-exercise fatigue, pain, or with an increase in any metabolite detecting or immune
marker, and it was inversely related to increases in β-1 and β-2 AUC receptor expression (r =
−.71 and −.60, P < .05).

Secondary Analyses
Although heart rate level and percent of age predicted maximum heart rate were quite closely
matched between Groups during exercise, Controls did exercise at a higher work rate than CFS
patients. However, when we repeated our univariate ANOVAs for post-exercise AUC gene
expression comparing Groups with exercise work rate as a covariate in the model, we found
that it was not a significant covariate for any measure except β-1 receptor expression (P < .
02). As with inclusion of BMI as a covariate, covarying for work rate did cause the Group
effect for post-exercise β-1 AUC receptor expression to become non-significant. This pattern
indicates that high BMI, low exercise work rate, and post-exercise increases in β-1 receptor
expression are all interlinked in CFS.

Univariate ANOVAs were also repeated after dropping the 6 CFS patients who did not also
meet ACR criteria for FMS. The findings were essentially unchanged from those reported
above except for the immune receptor, TLR4; differences between CFS-FMS patients and
Controls were then only marginally significant (P =.07) for this gene. For all other measures
where significant Group differences were obtained in the primary analyses, the same measures
showed significant differences between the CFS-FMS patients and Controls in the secondary
analyses. Although the group size (n=6) of patients with CFS-only was insufficient to examine
separately in formal analyses, mean post-exercise AUC measures for this subgroup were
similar in magnitude and variance to those of the CFS-FMS subgroup in most cases, with lesser
ASIC3 and TRPV1 increases being exceptions.

To address the issue of fitness differences, ANOVAs comparing post-exercise AUC measures
were also repeated after dropping the most fit Controls and least fit CFS patients. The remaining
11 Controls (9 females) and 10 Patients (8 females) were closely matched for actual work-rates
required to achieve 70% of maximum predicted HR levels. These fitness-matched subgroups
did not differ in age, BMI, work-rate during exercise, or any BP or HR measure before or
during exercise. Nevertheless, the fitness-matched CFS patients still showed greater or
marginally greater increases than Controls in post-exercise ASIC3 (P < .036), P2X4 (P < .07),
P2X5 (P < .028), β-1 (P < .045) β-2 (P < .002) COMT (P < .085), and IL-10 (P < .006), and
only the TLR4 differences were abolished. Despite exercising at the same workrate, the patients
also still reported greater perceived exertion during the task (RPE = 4.65 vs. 2.95, P < .001).

To address whether sampling time was an important factor, additional repeated measures
ANOVAs were performed using Group and Time (post-exercise 0.5, 8, 24, and 48 hours) as
factors and also examining Group x Time interactions. The same main effects of Group reported
above were replicated with this approach, and no effects involving Times were significant,
suggesting that CFS patients differed from Controls similarly at all sampling times.

Discussion
Main findings

Baseline mRNA levels were not different between Controls and CFS patients for any of the
metabolite detecting or immune genes. Among the adrenergic measures, baseline β-2 was lower
and baseline α-2A tended to be higher in the CFS patients. Although these baseline differences
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were modest in magnitude, decreased β-2 and increased α-2A receptors in the vasculature
would lead to enhanced total vascular resistance as was previously reported by Light et al 39
for patients with FMS. No prior study has examined metabolite detecting gene expression, and
prior studies comparing immune function gene expression in CFS patients vs. controls at rest
have likewise reported few consistent increases in any of these mRNAs with the exception of
TNFα. 58.

In contrast to the very few group differences at baseline, CFS patients showed greater mRNA
increases than healthy Controls in the majority of the metabolite sensing, adrenergic, and
immune function genes examined here following 25 minutes of moderate, whole-body exercise
(when summed across 30 minutes, 8, 24 and 48 hours following exercise). With this moderate
exercise task, healthy Controls exhibited no significant increases from baseline in expression
of any of the genes, while CFS patients demonstrated increases in expression of ASIC3, P2X4,
P2X5, α-2A, β-1, β-2, COMT, IL10, and TLR4 that reliably exceeded responses of Controls.
TRPV1 expression increased significantly above baseline levels only in CFS patients, although
the CFS-Control group differences remained a non-significant trend for this measure.

Groups also did not differ in increased expression of IL-6 or TNFα. While gene expression of
IL6 and TNFα was increased above baseline after exercise in the CFS group, controls showed
similar post-exercise increases. These CFS patients and controls showed similar post-exercise
increases in circulating serum levels of IL6 and TNFα (White A.T. et al. 2009, submitted) that
has been shown in other reports as well 49. Other studies have indicated that while serum levels
of IL6 and TNFα were increased after exercise, mRNA expression in leukocytes was not
increased for either of these two cytokines 43;46;51. Cytokine mRNA taken from exercised
muscle (as opposed to leukocytes), however, did show increased TNFα mRNA 50. Our study
(White A.T. et al. 2009, submitted) also observed that serum IL10 levels actually decreased
after exercise in Controls (who showed no reliable changes in IL10 mRNA) but did not decrease
in CFS patients (whose IL10 mRNA increased).

Surprisingly, we observed a trend of mRNA increases in patients as early as 30 minutes
following exercise, several hours sooner than we had observed increases in control subjects
after higher intensity exercise 38. Increases in mRNA, with the exception of β-1, were not
influenced by BMI or work rate, and were present in both CFS patients with, and without co-
morbid CFS. Underscoring the relationship between the primary symptoms defining CFS,
strong correlations were found between both summed post exercise physical and mental fatigue
and the summed increases in mRNA of the genes listed above (see Table 3). Strong correlations
were similarly found between summed post exercise pain and ASIC3, TRPV1, α-2A, β-2, and
IL10 increases. ASIC3, TRPV1 and β-2 have all recently been shown to play a role in muscle
pain 37;63.

The fact that 68% of patients in our sample met criteria for both CFS and FMS is somewhat
problematic because we cannot yet discern whether the observed responses are typical of all
CFS patients or only of the subgroup that has both disorders. The present data indicated that
the group of patients that did not meet criteria for FMS (CFS-only group) had AUC means and
variances similar to the CFS-FMS group for most of the 13 genes examined here. Notable
exceptions were ASIC3 and TRPV1 which tended to show less increases in the CFS-only
group. Thus, while most of the gene alterations apply to both groups, there may be gene
alterations that discriminate these two groups. Our current research is intended to include an
expanded sub-sample of patients with CFS alone in order to clarify this important issue.

It is worth noting that complete blood counts (CBC) were taken from all patients and Controls
at each time point. At pre-exercise baseline (as detailed in White et al 2009, submitted) total
white blood cell counts from CFS patients were slightly higher than Controls, and specifically,
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monocyte, eosinophil, and granulocyte counts were higher in the patient group. Counts in both
patients and Controls were significantly increased from baseline at 8 hours after exercise but
returned to baseline levels at 24 and 48 hours. However, hemoglobin levels were lower in
patients than controls, and decreased at 8 hours. These directionally opposite effects in white
vs. red cell counts indicate that hydration differences were not responsible. These CBC
differences were not clinically significant, and similar differences have been reported by others
(see review 44).

mRNAs as biomarkers for fatigue, muscle pain, CFS and FMS
The marked alterations in gene expression from circulating leukocytes of CFS patients after
exercise suggest that such alterations could be used as objective markers for CFS. Kerr recently
reviewed potential biomarkers for CFS including several microarray experiments looking at
gene expression in large numbers of genes from leukocytes 29. Sakai et al 61 also recently
determined that mRNA alterations in 9 leukocyte genes (culled from 1400 genes related to
stress) were potential biomarkers for CFS. None of the genes identified as specific for one or
more subtype of CFS in these previous publications were those examined in the present report.
However, the functional groups of genes found in the microarray experiments were similar to
those measured here. Immunity and defense, energy metabolism, signal transduction, and ion-
channel genes have all been identified in these previous experiments. All of the genes included
in the present report can be included in one or more of these groups.

In the present sample, ~90% of the CFS patients could be distinguished from Controls using
4 of the genes measured (P2X4, β-1, β-2, IL10; see Figure 5). If all of the 9 genes that increased
in CFS-FMS patients relative to Controls were used, the results are similar (Figure 5). However,
we cannot yet conclude that gene expression changes in these measures after mild or moderate
exercise are specific biomarkers for CFS.

Potentially, some of the genes used here may discriminate other causes of exaggerated post-
exercise fatigue, and/or other genes could be used to discriminate known causes of fatigue such
as viral infections, abnormalities in metabolism, etc. A simple blood-based test that provides
an objective measure for excessive and debilitating fatigue would be diagnostically valuable
to physicians and patients with CFS (or with chronic fatigue from other causes). In addition,
tests of this type could help distinguish subtypes of CFS, and the different contributing
dysregulation involved in each of these subtypes. Finally, these tests could be used to
objectively evaluate the success of different treatments for Chronic Fatigue and Fibromyalgia
Syndromes.

Function of genes whose expression was altered in CFS patients compared to Controls
We measured the mRNA of several receptors that have rarely been described on white blood
cells, particularly those that are essential for detecting exercise produced metabolites by
sensory neurons 37. ASIC3, P2X4, P2X5, TRPV1 (both mRNA and protein) have been found
on monocytes 12;23;12;35;62;64;77. The function of ASIC3, P2X4 and TRPV1 receptors on
leukocytes is not known, but could be related to the recruitment of monocytes and lymphocytes
that occurs following exercise 33;34. P2X5 protein in most humans lacks an essential portion
of the pore forming part of the channel, rendering it incapable of gating ions, and possibly of
being inserted in the plasma membrane 53. Whether the truncated form of P2X5 found in most
humans can modify responses of ASIC receptors is unknown. In humans The P2X5 gene codes
for a minor histocompatibility protein, and its expression has been shown to be related to some
tumor treatments 54. Perhaps, in humans, the ability to detect small increases in metabolites
is a function of other P2X heteromers rather than P2X5 function.
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β-adrenergic receptors are normally associated with cardiovascular function. Activation of
β-1 receptors is known to enhance heart rate and contractility, and activation of β2 receptors
allows dilation of arteries and arterioles that feed skeletal muscles. These receptors play a major
role in maintaining sufficient blood flow to skeletal muscles during exercise preventing
excessive accumulation of metabolites. β2 adrenergic receptors may also mediate SNS effects
on the IS 13;14. Less certain are alpha adrenergic receptor effects on circulating immune cells.
Our results show that leukocytes have substantial levels of adrenergic α2-A, β-1, and β-2
receptor mRNAs, as well as high levels of COMT mRNA - a major enzyme involved in
inactivating epinephrine and norepinephrine. Polymorphisms in COMT have been implicated
in depression and a number of pain disorders 16. Exercise increased the mRNA of all these
adrenergic function genes in CFS patients much more than in Controls. This greatly enhanced
upregulation suggests powerful upstream signaling to the IS in CFS.

IL10 mRNA was upregulated after exercise in CFS patients compared with Controls. IL10 is
an anti-inflammatory cytokine, inhibiting the production of pro-inflammatory cytokines such
as TNFα. The increase in IL10 mRNA observed here is consistent with a recent report
suggesting that FMS patients express an anti-inflammatory profile that could be related to some
of their symptoms 72. In our patients, serum levels of anti-inflammatory IL10 and IL13
increased at 8 hours post-exercise only in those CFS patients reporting greater and more
prolonged increases in fatigue and pain. However, these patients also showed increases in pro-
inflammatory IL1β, IL8 and IL12 as well as IL6, suggesting overall immune activation. (for
details, see White A.T. et al., 2009, submitted). The mRNA for TLR4 was also increased by
exercise in CFS patients but not in Controls, although in the subgroups matched for fitness this
difference was absent suggesting that it was due to lesser fitness in the CFS group. TLR4 is an
immune function receptor that transduces bacterial invasion by detecting the lipopolysaccaride
coat on bacteria. It is of obvious importance in preventing infection.

Implications of dysregulated mRNAs for CFS
Increases in mRNA can be caused either by increases in transcription, and/or increased stability
of mRNA (decreases in degradation) 42. Both transcription and stability can be altered by
environmental factors. For most of the genes investigated here, transcriptional alterations via
known transcription factors have been documented. Regulation of these genes by RNA
modulatory factors is also likely. The correlations between alterations in many of the genes
assayed suggest that common upstream transcription factors may be activated in CFS patients.
These findings also support previous studies suggesting interactive alterations between SNS,
IS and sensory systems in CFS.

Evidence supporting metabolite detecting and adrenergic involvement in enhanced fatigue
in CFS

The rapid and sustained increases in mRNA from sensory genes (ASIC3, P2X4, P2X5) and
adrenergic β-1, and β-2 receptors as well as strong correlations between these receptors in CFS
patients following moderate exercise suggest a possible mechanism for the hallmark symptom
of CFS, sensory fatigue, and its enhancement following exercise. We and others recently
discovered that ASIC3 and P2X5, and possibly P2X4 and TRPV1 on muscle sensory neurons
synergize to detect the metabolites produced by muscle contraction that may lead to the
signaling of muscle fatigue and pain 37;47;67. If the number of these receptors were greatly
increased in these sensory neurons, resting levels of metabolites could activate sensory fatigue
afferents, sending a continuous signal of muscle sensory fatigue to the central SNS causing
dysregulation of SNS reflexes, and to the central nervous system, producing the cognitive
recognition of enhanced fatigue.
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Other recent work in our laboratory suggests that βadrenergic receptors on sensory neurons
may play a role in both muscle sensory fatigue and muscle pain. First, muscle afferent neurons
from mice that have inflamed muscles respond to much lower concentrations of metabolites if
β agonists are co-applied with the metabolites (Light, A.R., unpublished observations.
Secondly, adrenergic β-1, and β-2 receptor mRNAs were upregulated in male mice dorsal root
ganglia 24 hours to 8 days following carrageenan inflammation of a hindlimb skeletal muscle
36. Thirdly, clinical pain was quickly reduced in patients with FMS or temporomandibular
disorder (TMD) when the non-specific β antagonist propranolol was administered in low doses
39. Finally, Khasar et al 32 suggest a mechanism involving the SNS and hypothalamic-
pituitary-adrenal axis (HPA) by which stress could contribute to hyperalgesia mediated by
adrenergic and hormone receptors on sensory neurons. All of these data suggest that
βadrenergic receptors on muscle sensory afferents can enhance metabolite signals, particularly
in patients with FMS 39. Thus, if the upregulation of mRNA for sensory and adrenergic
receptors observed in leukocytes of CFS patients also occurs in their muscle sensory afferents
(sensory fatigue afferents), CFS patients may have an enhanced sensory signal for fatigue that
is further increased following exercise. The similarity in transcriptional control of all these
molecular receptors may also explain why a large percentage of CFS patients also have FMS.
However, because the sensory afferent neurons detecting muscle sensory fatigue vs. muscle
pain must use somewhat different molecular receptor combinations that may be differentially
regulated, patients may experience both muscle sensory fatigue and muscle pain, or each
symptom independently.

Another possibility is that leukocytes use the same sensory receptors to detect metabolites
produced by muscle contraction. If these receptors are increased in CFS patients, it is possible
that low levels of metabolites can activate leukocytes, and moderate exercise could increase
the signal, thereby increasing cytokine levels that sensitize muscle sensory fatigue signaling
afferents. Considerable evidence for cytokine sensitization of sensory afferents exists 4;8;25;
31;66. This and the previous mechanism could act together.

Supporting these hypotheses, enhancement of peripheral sensory signals has been
demonstrated in patients with FMS and CFS 69;74. Since the muscle sensory fatigue signal is
likely to activate SNS reflexes that normally maintain adequate blood flow to the brain and
skeletal muscles, a tonic signal from fatigue afferents may lead to SNS dysregulation because
vascular smooth muscle adrenergic receptors desensitize to the constant release of
catecholamines (see review by 28). This dysregulation could lead to muscle ischemia and bouts
of increased metabolites that would further activate sensory receptors. It could also lead to
orthostatic intolerance often associated with CFS 20;45;80. Interestingly, ASIC3, P2X and
TRPV1 receptors have been implicated in enhanced signals from the gut in animal models of
irritable bowel syndrome 5;70;71, and TRPV1 is associated with multiple chemical sensitivity
55. ASICs have also been associated with alterations in hearing21;57, and hyperacusis has also
been associated with CFS and FMS 18. Perhaps common transcriptional regulation of these
receptors can occur in a variety of tissues, resulting in some of the co-morbidities commonly
associated with CFS.

Finally, long-term sensory receptor activation can lead to sensitization of spinal cord and brain
systems that transmit fatigue signals, causing long-term fatigue enhancement within the CNS.
Such alterations in brain transmission has been demonstrated in Chronic Pain 7;68 and in CFS
and FMS 11;19;62;79.

Conclusions
The experiments reported here show that 25 minutes of moderate exercise generates large and
rapid increases in gene expression in leukocytes of CFS patients but not in control subjects.
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Increases in mRNA were found for genes that can detect increases in muscle produced
metabolites (ASIC3, P2X4, P2X5), genes that are essential for SNS processes (adrenergic
α-2A, β-1, and β-2, as well as COMT), and immune function genes (IL10, and TLR4). These
findings confirm previous hypotheses suggesting that alterations in all parts of the HPA axis
may mediate and sustain the symptoms of CFS and FMS. These gene alterations suggest a
potential role for alterations of peripheral sensory signaling in the symptoms of CFS, as has
been proposed for FMS 69;74. They also suggest that a blood test could be devised as an
objective biomarker for sensory muscle fatigue and muscle pain in CFS.
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Figure 1.
Ratings of Mental Fatigue, Physical Fatigue, and Pain at the times indicated. Ratings were
based on a 0-100 scale from none to the worst the patient could even imagine experiencing.
Base = before exercise; MidEx = at midpoint of 25 minute exercise (min 13); 0.5 = one half
hour after end of exercise; 8 = 8 hours after exercise; 24 = 24 hours after exercise; 48 = 48
hours after exercise.
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Figure 2.
Amount of mRNA for ASIC3, P2X4, P2X5, and TRPV1 expressed as fold increases relative
to baseline levels at each of the times indicated before (baseline) and after the end of 25 minutes
of moderate exercise. * Indicates P< 0.05 compared to control subjects for the area under curve
(AUC) of mRNA across all time points after exercise. Faint dotted line indicates the baseline
levels.
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Figure 3.
Amount of mRNA for α-2A, β-1, β-2 adrenergic receptors and catechol-o-methyl-transferase
(COMT) relative to baseline levels. * Indicates P< 0.05 compared to control subjects for the
area under curve (AUC) of mRNA across all time points after exercise. Faint dotted line
indicates the baseline levels.
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Figure 4.
Amount of mRNA for IL6, TNFα, IL10, TLR4, CD14 relative to baseline levels. * Indicates
P< 0.05 compared to control subjects for the area under curve (AUC) of mRNA across all time
points after exercise. Faint dotted line indicates the baseline levels.
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Figure 5.
Point plots of AUC for sum of 4 genes (P2X4, β-1, β-2, and IL10) (left) and 9 genes (ASIC3,
P2X4, β-1, β-2, COMT, IL10, TLR4, and CD14) (right). All data converted to Log base 10 so
the points could be plotted together. Dotted lines indicate the lowest values for CFS-FMS
patients, indicating little overlap with Control Subjects.
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