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Abstract
Objective—Chronic fatigue syndrome (CFS) and multiple sclerosis (MS) are characterized by
debilitating fatigue, yet evaluation of this symptom is subjective. We examined metabolite-
detecting, adrenergic, and immune gene expression (mRNA) in patients with CFS (n=22) vs. MS
(n=20) vs. healthy controls (n=23) and determined their relationship to fatigue and pain before and
after exercise.

Methods—Blood samples and fatigue and pain ratings were obtained at baseline and 0.5, 8, 24,
and 48 hours following sustained moderate exercise. Leukocyte mRNA of 4 metabolite-detecting
receptors (ASIC3, P2X4, P2X5, TRPV1), 4 adrenergic (α-2a, β-1, β-2 receptors, COMT) and 5
immune markers (CD14, TLR4, IL-6, IL-10, LTa) was examined using quantitative PCR.

Results—CFS patients had greater post-exercise increases in fatigue and pain (10–29 pts above
baseline, p<.001) and greater mRNA increases in P2X4, TRPV1, CD14 and all adrenergic
receptors than controls (1.3 ± .14 to 3.4 ± .90 fold increase above baseline, p=.04 – .005). CFS
patients with co-morbid fibromyalgia (n=18) also showed greater increases in ASIC3 and P2X5
(p<.05). MS patients had greater post-exercise increases than controls in β-1 and β-2 adrenergic
receptor expression (1.4 ± .27 and 1.3 ± .06 fold increase, respectively, p=.02 and <.001) and
greater decreases in TLR4 (p=.02). In MS, IL-10 and TLR4 decreases correlated with higher
fatigue scores.

Conclusion—Post-exercise mRNA increases in metabolite-detecting receptors were unique to
CFS patients while both MS and CFS showed abnormal increases in adrenergic receptors. Among
MS patients, greater fatigue was correlated with blunted immune marker expression.
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Introduction
Pathological fatigue expressed as an overwhelming sense of tiredness is often the key
presenting symptom for both multiple sclerosis (MS) and chronic fatigue syndrome (CFS),
and no specific underlying pathology has been found to explain this debilitating chronic
fatigue (1,2). For MS, fatigue adversely affects mental and physical functioning even when
there is no apparent motor deficit and when few or no active lesions can be discerned. CFS
diagnosis requires fatigue not relieved by rest to be present for at least 6 months and requires
the presence of at least 4 of 8 additional symptoms, but several of these symptoms such as
unrefreshing sleep, difficulty with memory or concentration, muscle or joint pain, and new
or worsened headaches are also common in MS. In order to devise effective treatments for
pathological fatigue, it is important to clarify which physiological pathways may be
producing the fatigue. It is likely that some of these pathways may be the same for CFS and
MS while others may differ.

Recent reports on CFS have focused on one of the 8 central CDC-defined symptoms,
postexertional malaise (which is the second primary symptom of CFS according to the
Canadian guidelines); this is defined as an increase in mental or physical fatigue, pain or
general unwellness that lasts for 24–48 hours or longer following even moderate exercise
(3–7). Postexertional malaise has been reported to occur in greater than 90% of CFS patients
and helps to differentiate CFS patients from patients with major depression and other
disorders (5,6,8–11). The predominant symptoms reported by CFS patients at 24 and 48 hrs
after exercise were exaggerated physical fatigue/tiredness, increased muscle or joint pain,
mental fatigue/cognitive dysfunction, and general weakness/shakiness (5). In MS,
postexertional worsening of symptoms is not as frequent, severe, or long-lasting (12–14).
Nevertheless, since some MS patients do experience increased fatigue following exercise,
using self report of post-exercise symptom severity by itself may not be sufficient to clearly
separate MS from CFS patients. Use of objective post-exercise biomarkers together with self
reported symptoms could potentially provide a better test of discrimination (4). One of the
latest tools to examine dysregulation in multiple physiological pathways concurrently in
human patients is to use gene expression markers on leukocytes; exercise–induced changes
in gene expression thus may be viable biomarkers to compare in MS and CFS. Leukocyte
gene expression (mRNA) changes in a response to a common life experience like moderate
exercise are valuable since they reveal how environmental factors influence genetic
susceptibility (DNA) to result in up-regulation or down-regulation of key receptors and
other proteins, and also allow tests of the magnitude and duration of any expression changes
through simple repeated blood sampling.

Previously, our research group (Light et al. 2009) found that after 25 minutes of moderate
exercise, CFS patients but not healthy controls showed increases in expression of several
genes that lasted for 48 hours and that correlated significantly with postexertional increases
in severity of mental fatigue, physical fatigue and pain (15). CFS patients showed increased
expression of purinergic 2 X (P2X4 and P2X5) receptors and acid sensing ion channel 3
(ASIC3) receptors that detect muscle metabolites. In mouse, these receptors act in concert
with TRPV1 receptors (transient receptor potential vanilloid type 1) activated by heat, acid,
or endocannabinoids to detect metabolites that cause muscle pain and fatigue (16). In
addition to greater increases in metabolite-detecting receptors, CFS patients also had greater
increases in both alpha- and beta-adrenergic receptors that help regulate blood flow to
working muscles. Although this same study also examined gene expression of several
immune markers, only the anti-inflammatory cytokine interleukin-10 (IL-10) had greater
expression in CFS vs. the control group. When comparing with MS patients, however, the
immune genes may be more informative. Pro-inflammatory cytokines have been implicated
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in the pathogenesis of MS (17–20) and are associated with higher levels of daily fatigue
(21–22).

This investigation examined whether post-exercise changes in leukocyte gene expression
profiles (including the same metabolite-detecting receptors, adrenergic receptors, and
immune markers used previously for CFS) could differentiate MS patients from CFS
patients and/or from healthy individuals (15). We employed a 25 min moderate exercise task
to test age- and gender-matched patients with MS and CFS along with healthy controls. We
compared gene expression in these three groups together with subjective ratings of mental
fatigue, physical fatigue and pain at pre-exercise baseline and 4 post-exercise time points:
0.5 hr, 8 hr, 24 hr and 48 hr.

Methods
Participants

This research was approved by the University of Utah Institutional Review Board, and all
participants provided written informed consent. CFS and MS patients were recruited from
local clinical practices that specialized in these populations and were tested between July
2006 and November 2009. Twenty-two CFS patients (6 of these are the same patients from
our previous publication (15)) who met the CDC criteria for CFS (1), 20 relapsing-remitting
MS patients with self-reported fatigue and definite MS (23), and 23 healthy controls
participated. MS patients completed the 40 item Fatigue Impact Scale (FIS) to confirm their
classification as “fatigued” (24). For the CFS patients, symptom onset was reported as
sudden by 18 patients (82%) and gradual by 4 patients (18%). Fifteen (68%) reported onset
was associated with one or several flu-like, mononucleosis or other viral illnesses or
infections. Two patients (9%) associated onset with traumatic injuries, and five (23%)
associated onset with surgery, life stress, or no memorable event. The average length of
illness for the CFS group was 11 yrs (range of 3–21 yrs). Eighteen CFS patients (82%) had
widespread muscle and joint pain on Tender Point exam, meeting American College of
Rheumatology criteria for fibromyalgia (FM). Half of these CFS+FM patients were tested
on FM medications, including either pregabalin (Lyrica, n=3), gabapentin (Neurontin, n=3)
or duloxetine (Cymbalta, n=3). Because sensory ion channel receptors and β-adrenergic
receptors can contribute to inflammatory hyperalgesia (25–27), we performed secondary
analyses specifically examining responses in this CFS+FM subgroup. Sixteen MS patients
(80%) were receiving immune modulating medications (beta interferon [IFN-β] or
glatiramer acetate [GA]; n=12), or immune suppressing medication (natalizumab; n=4). The
average time since diagnosis for the MS group was 7 yrs (range of 1–24 yrs). The patients
reflected the local population with 94% being Caucasian, 6% being minority; thus our
results may not apply to minorities with CFS or MS.

Protocol Overview
All participants refrained from exercise for 4 days, beginning 48 hours before the exercise
task and until after the final (48 hr) blood sample was taken. Venous blood samples were
obtained at baseline and at 0.5, 8, 24, and 48 hours after exercise. Acute ratings of physical
fatigue (PF), described as bodily tiredness; mental fatigue (MF), described as mental
fogginess or problems with memory, attention, or organization of thoughts; and overall body
pain (Pain) were obtained in conjunction with all blood draws and also at the midpoint and
end of the exercise task. These ratings were based on a 0 to 100 scale, where 100 was
defined as the greatest level of fatigue or pain the subject could ever imagine experiencing.
Immediately after the baseline blood draw, participants began the exercise protocol,
described below.
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Exercise Protocol
The exercise task was designed such that each subject exercised at the same relative
intensity; 70% of age-predicted maximal heart rate. Combined arm and leg exercise was
performed on a Schwinn Air-Dyne ergometer. Target heart rate was reached during the first
five minutes of exercise. Thereafter, work rate was adjusted to maintain this submaximal
steady state for the remaining 20 minutes of exercise. Ratings of perceived exertion (RPE)
were obtained on a scale of 1 to 10 every 5 minutes, heart rate was recorded each minute,
and blood pressure was measured at baseline, every 10 minutes during exercise, and on
completion of the exercise.

mRNA Extraction and Analysis
Standardized extraction of mRNA and real-time quantitative PCR methods were followed,
as we have previously published (15). Briefly, blood samples were collected in EDTA tubes
and centrifuged for 12 minutes at 3200 rpm. The white cell layer was very carefully
removed and placed in RLT+bME solution (Qiagen) and immediately quick frozen in dry-
ice methanol slurry, then transferred to storage in a −80 freezer. Contamination with
erythrocytes was avoided as this greatly altered the quantity and integrity of the mRNA.
Total time between drawing the blood sample to placement in disruption buffer (RLT+bME)
and freezing was 20–25 minutes for all samples. Integrity of RNA as assessed by Agilent
2100 bioanalyzer was greater than 9.2 RIN. Total RNA was extracted using RNeasy kits and
converted to a cDNA library using the ABI High Capacity cDNA Archive Kit (Applied
Biosystems, Inc., Foster City, CA).

The cDNA was loaded by robot into 384 well plates and analyzed 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). Each sample was run in
duplicate with standards run in quadruplicates, and with one “no template” control. 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 α-2A - Hs00265081_s1; Adrenergic β-1 -
Hs02330048_s1; Adrenergic β-2 - Hs00240532_s1; COMT - Hs00241349_m1; IL6 -
Hs00174131_m1; IL10 - Hs00174086_m1; Lymphotoxin-α -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.). Real-time PCR results were analyzed with SDS 2.1
(Applied Biosystems, Inc. [ABI], Foster City, CA) and analyzed according to the ddCT
method described in ABI User Bulletin #2. 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.

Statistical Analysis
The ddCT method for mRNA analysis creates a skewed distribution; therefore, gene
expression data were log-transformed. Baseline differences between groups for mRNA,
descriptive, and exercise variables were determined with 1-way ANOVA. To decrease the
likelihood of obtaining false-positive results due to multiple comparisons, we pooled post-
exercise responses into a variable labeled area under the curve (AUC). AUC variables were
grouped into 3 categories (metabolite-detecting, adrenergic, and immune). Multivariate
analyses of variance (MANOVAs) were used to examine group differences in each category.
Significant group differences were noted for metabolite-detecting and adrenergic markers
(p=.006; η2=.28 and p=.048; η2=.13, respectively). For immune markers, the directionality
of responses varied within and between groups, and the MANOVA yielded a p-value of
0.17; η2=.12. For secondary analyses of the CFS+FM group, the AUC MANOVAs for
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sensory and adrenergic markers both remained significant (p=.002 and p<.047,
respectively).

Three (group) by five (time) repeated measures (RM) ANOVA were used to determine
differences for mRNA data, as well as fatigue and pain scores. Planned contrasts were built
into the model to evaluate post-exercise responses relative to baseline. Group differences
were detected using post hoc Dunnett analyses. When significant group effects or group by
time interactions were observed, separate within group RM ANOVAs were used to
determine significant post-exercise changes. Pearson r correlations were used to examine
relationships between changes in fatigue and pain ratings, exercise variables, and gene
expression measures. All data are presented as means and standard errors, with significance
set at p<.05.

Results
Patient Characteristics and Exercise Task Performance

MS patients had mild to moderate disability as reflected by Expanded Disability Status Scale
(EDSS) scores (mean = 2.0; range = 1.0 to 3.0) and disease duration (mean = 7 ± 1.4 yrs).
High baseline levels of fatigue as assessed by the FIS (mean = 71.7 ± 6.3) were confirmed in
this group. CFS patients had high underlying fatigue by definition, which was verified by
baseline physical fatigue scores (mean = 35 ± 3.9). Descriptive characteristics and exercise
task variables are presented in Table 1. All subjects completed the exercise task, and no
differences in relative heart rate (percentage of age-predicted heart rate) were observed.
However, the relative work rate necessary to achieve 70% age-predicted maximal heart rate
was significantly lower in CFS patients compared to controls (p<.001). On average, CFS
patients had a significantly lower absolute heart rate compared to controls (p=.04), although
this difference was primarily due to 3 subjects who had blunted heart rate responses. In MS
patients relative work rate was lower than controls, but not significantly (p=.095). Despite
lower absolute work rates, both patient groups perceived the exercise to be significantly
more difficult (‘moderate’ to ‘hard’) compared to controls’ (‘moderate’), as indicated by
their RPEs (p<.001 and .017 for CFS and MS vs controls, respectively; Table 1).

Acute Fatigue and Pain Ratings
Ratings of mental fatigue (MF), physical fatigue (PF), and pain before, during, and
following exercise are presented in Figure 1. At baseline, controls had significantly lower
ratings for MF, PF, and pain than both CFS and MS patient groups (p<.001, except for
controls vs MS patients for MF, p=.02). Additionally, baseline pain was significantly higher
in CFS compared to MS (p=.02).

Significant group by time interactions and time effects were observed for mental and
physical fatigue and pain (p<.001). Analysis of the interactions revealed that both CFS and
MS groups had significantly higher ratings of post-exercise MF, PF, and pain than controls
(p<.001). Additionally, CFS patients had significantly higher post-exercise PF and pain
ratings than MS patients (p<.002).

Within group time effects showed significant increases over time (RM ANOVA) for MF,
PF, and Pain in CFS patients at all post-exercise time points, except for MF at mid-exercise.
In controls, a significant within group time effect was noted for PF (p=.006) due to
significant increases at mid-exercise. Within group time effects were not significant in MS
patients; however, contrasts indicated significant increases in PF at mid-exercise (p=.001)
and both MF and PF at 8 hrs post-exercise (p=.05 and .04, respectively). Although pain was
always higher in the MS group compared to controls, neither group showed post-exercise
increases in pain ratings.
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Baseline Gene Expression
Baseline levels of metabolite-detecting, adrenergic, and immune genes (Table 2) were
similar in all groups with the exception of adrenergic receptor α-2a. For this marker, MS
patients had significantly higher baseline levels compared to CFS patients and controls (p=.
04).

Gene Expression Responses to Exercise
Metabolite-detecting gene expression—For all metabolite-detecting genes, the
overall 3 by 5 RM ANOVAs indicated significant time effects (p=.044–.002; η2 = .01–.17).
Additionally, significant group effects were observed for P2X4, in which CFS patients
differed from both MS patients and controls, and for TRPV1, in which CFS patients differed
from MS patients (p=.023–.009; η2 = .21–.14, see Figure 2). Within group analyses
indicated decreases in ASIC3 (p=.05 and .02), P2X4 (p<.001), and TRPV1 (p=.001) at 30
min post-exercise and in P2X5 (p=.004 and .03) at 8 hrs post-exercise were significant for
both controls and MS patients, respectively, while controls also had significant decreases in
P2X5 at 30 min post-exercise (p=.005). In contrast, CFS patients showed a significant
increase in expression of P2X4 (p=.03) and a trend toward increasing ASIC 3 (p=.06) and
TRPV1 (p=.08) at 24 hrs post-exercise.

Adrenergic receptor gene expression—The overall 3 by 5 RM ANOVA analyses
indicated significant group by time, time, and group effects for β-2 receptor expression (p=.
02–.001; η2 = .10–.16, see Figure 3). In addition, significant overall time effects were
observed for all adrenergic receptors (p=.035–.001; η2 = .04–.16). CFS and MS patients
demonstrated post-exercise increases in adrenergic markers beginning at 8 hrs post-exercise
and continuing through 24–48 hrs post-exercise. For MS, these included increases in β-2
expression at 8 and 48 hrs (p=.001 and .014, respectively) and increased β-1 at 48 hrs post-
exercise (p=.02). In CFS, α-2a, β-1, and β-2 expression increased at 8 hrs post-exercise and
remained elevated through 24 hrs post-exercise (p=.007–.04). COMT expression was also
significantly increased at 24 hrs post-exercise in this group (p=.04). The only significant
changes in adrenergic expression for controls were decreases in β-2 and COMT at 30 min
post-exercise (p=.005 and .023, respectively).

Immune marker gene expression—Significant overall time effects were observed for
IL-6, IL-10, and CD14 (p=.025–.002; η2 = .05–.06), and a significant group effect was noted
for TLR4 (p=.015; η2 = .14, see Figure 4). At 30 min post-exercise, controls showed
significant decreases in IL-10 and Lymphotoxin-α and increases in CD14 (p=007–.001). At
this time point, both patient groups differed from controls, with MS patients showing
decreases in IL-6 (p=.04) and CFS patients showing a significant increase in CD14 (p=.04).
Controls showed significant increases in IL-10 and CD14 at 8 hrs, mirrored by similar trends
in the CFS and MS groups. Post-exercise TLR4 expression differed between MS vs. the
CFS and control groups, with MS patients decreasing at all post-exercise time points while
control and CFS responses were unchanged or increased (group effect, p=.015).

Secondary Analyses Focusing on the CFS+FM Subgroup
In the 18 CFS+FM patients, none of the original group differences were lost, and several
additional differences attained or approached significance. Post-exercise increases in P2X4
AUC and TRPV1 AUC were significant (p < .0001 and p< .029) and approached
significance for ASIC3 AUC and P2X4 AUC (p < .074 and .10, see Figure 5). Likewise,
overall increases in post-exercise α-2a and β-2 receptor AUC were significant (p < .02 and .
043). For ASIC3 and P2X5, differences from the MS group and from controls achieved
formal significance at the 30 min and 24 hr time points (p<.05).
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Gene Expression Markers Linked to Greater Fatigue and Pain
The patient groups showed different relationships between subjective ratings of fatigue and
pain relative to gene expression. Because fatigue and pain levels in controls were so low,
these relationships were not examined separately in this group. Within the CFS group,
greater pain ratings at 0.5, 8, and 24 hrs post-exercise were correlated with greater post-
exercise P2X4 and α-2a adrenergic receptor expression (r = .45 to .47, p<.05), and greater
MF at 8 hrs post-exercise was also associated with higher post-exercise P2X4 receptor
expression (r = .49, p<.05).

Although MS patients had higher baseline α-2a expression than other groups, those with
lower levels of this marker than other MS patients had greater increases in PF, MF, and pain
at mid-exercise and at 0.5 and 8 hours post-exercise, and greater increases in pain at 24
hours post-exercise (r = −.46 to −.78, p <.05). For the immune measures, MS patients with
lower post-exercise TLR4 AUC reported higher daily fatigue as determined by the FIS (r =
−.52, p<.05), and those with lower IL-10 AUC reported greater fatigue at 24 hours post-
exercise (r = −.74, p< .01). AUC IL-10 was also directly correlated with TLR4 (r = .52, p<.
05). Immune responses differed as a function of treatment, with MS patients on immune-
modulating and immune-suppressing treatments showing significantly lower post-exercise
TLR4 expression than other patients.

Discussion
The main results of this study were that 1) CFS and MS patients had significantly higher
baseline and post-exercise ratings of fatigue and pain compared to controls, 2) CFS patients
demonstrated greater and longer lasting post-exercise increases in fatigue and pain (post-
exertional malaise) compared to MS patients as well as controls, and 3) post-exercise gene
expression patterns differentiated between CFS patients, MS patients, and controls, with
increases in adrenergic receptors evident in both MS and CFS patients but not controls,
while increases in metabolite-detecting sensory receptors were evident only in the CFS
group.

This study confirmed that CFS patients experience greater and longer lasting postexertional
malaise, reflected by increased PF, MF, and pain at all post-exercise times through 48 hrs,
than MS patients or controls, supporting previous research (5,7,11,28). MS patients, who
showed greater fatigue and pain than controls at baseline, experienced no increase in pain
after exercise and reported increases in PF and MF only at the 8 hr post-exercise time.

Gene expression changes likewise began at 0.5 hrs and persisted for 48 hrs after the exercise
task in CFS patients. For metabolite-detecting gene expression, the CFS group showed
greater overall increases in P2X4 and TRPV1 across the 48 hr period and greater increases
in P2X5 at 24 hrs compared to the MS group and controls. The CFS+FM group also showed
greater overall post-exercise increases in ASIC3 receptor expression. Greater P2X4
expression was also directly associated with severity of postexertional fatigue and pain only
in the CFS group and may be important for sustaining post-exertional malaise and reduced
pain threshold observed in CFS patients (28–30). MS patients showed no increases in any of
these metabolite detecting genes, nor were they correlated with greater fatigue in the MS
group. Instead, controls and MS patients demonstrated decreases in expression of ASIC3,
P2X4, P2X5 and TRPV1 receptors at 30 min post-exercise with P2X5 decreases persisting
at 8 hrs. These changes returned to pre-exercise levels by 24 hrs. These transitory decreases
in expression of these receptors after exercise may represent adaptive down-regulation in
response to enhanced receptor activation. The full return to pre-exercise levels for all 4
receptors that was evident in both MS and control groups by 24 hrs later is also consistent
with a well-regulated sensory pathway.
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Recent basic research has indicated that ASIC and P2X receptors are in direct contact with
each other, functioning as an interactive receptor complex, which may be further modulated
by adrenergic receptor activity (31, 32). Because only the CFS patients showed increases in
these metabolite-detecting receptors, the sensory receptor elements of this gene profile seem
particularly specific to CFS and may reflect dysregulated pathways that directly contribute
to increased effort sense during exercise and postexertional malaise. Jones et al (3) recently
observed that CFS patients showed abnormalities in post-exercise recovery of intramuscular
pH. They suggest two possible sources of this abnormality, both of which involve altered
adrenergic influences: 1) changes in the adrenergic pathway influencing the sodium-proton
antiporter function; 2) alterations in the adrenergic pathway influencing local vasodilation
during and after muscle activity which serves to remove built-up protons and other
metabolites (3). These mechanisms have yet to be confirmed. It is also possible that even
“normal” metabolite levels produced during exercise in CFS patients can lead to increased
expression of metabolite detecting genes, producing amplified sensations of effort during
exercise and post-exercise malaise. Indeed, investigators have shown that in fitness and
activity-matched CFS patients and controls, CFS patients demonstrated significantly higher
RPE in response to a given heart rate or workload during incremental exercise (33–35).

In contrast to metabolite detecting receptor responses, post-exercise adrenergic receptor
responses differentiated MS and CFS groups from controls. Both CFS and MS patients
showed exaggerated post-exercise increases in adrenergic receptors, suggesting that
adrenergic dysregulation may be linked to the pathological fatigue in both of these disorders.
The MS group showed increases in β-2 receptor expression at 8 hrs post-exercise that
coincided with increases in mental and physical fatigue. Interestingly both β-2 and β-1
receptor expression were increased in the MS group at 48 hrs, when their self reported
fatigue ratings had returned to baseline levels. Like the MS group, CFS patients showed
increases in β-2 receptors at 8 hrs post-exercise, but they also showed increases in α-2a and
β-1 receptors at this time. These increases persisted through the 24 hr time point, when
COMT expression was also increased. A growing body of evidence suggests that β-
adrenergic receptors present on muscle sensory afferents can enhance metabolite signals,
thereby increasing fatigue and pain sensations (36). β-2 and α-2a receptors are important in
directing blood flow to working muscles during exercise to provide O2 and to remove
metabolites. They also may mediate SNS effects on the immune system (37, 38). Numerous
prior investigations have indicated autonomic dysregulation in patients with CFS, FM, or
both disorders together, indexed by abnormal responses to orthostatic challenges, decreased
heart rate variability, or altered plasma catecholamine and cardiovascular responses to
stressors (39–41). A genetic diplotype influencing COMT function has been related to
greater delayed onset muscle pain following exercise (42). Also, increases in another
biomarker from the noradrenergic pathway, neuropeptide Y, have previously been shown to
differentiate CFS patients from controls (43). Autonomic dysregulation in MS is also
commonly reported and has been attributed to lesions that affect brain and spinal cord areas
that regulate autonomic function (44).

Immune pathways may also contribute to debilitating fatigue in both MS and CFS, but in
different ways. In this study, the MS group showed abnormally reduced expression of TLR4
relative to controls both 0.5 and 8 hrs after exercise, suggesting decreased generalized
immune activity, while the CFS group had abnormally high IL-10 increases at 48 hrs,
indicating prolonged anti-inflammatory activity which could enhance vulnerability to
viruses and opportunistic infections. Recent studies have indicated that exercise may induce
complement activation in CFS linked to their post-exertion symptom severity (4), and that
complement cascade-related proteins obtained from cerebrospinal fluid may be useful as
diagnostic biomarkers of this disorder (45). This latter study also indicated that proteins
from the cyclin dependent kinase 5 (CDK5) pathway are some of the most specific markers
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for CFS; this kinase may modulate sensory signaling of pain and possibly fatigue, and may
be linked to modulation of TRPV1 and other sensory receptors (46). However, Nijs and
colleagues (11) observed post-exertional malaise in a sample of CFS patients following
submaximal exercise without complement activation. The discrepancy in results may be
related to the intensity and duration of exercise or to the location and timing of sample
acquisition. For example, Yoshiuchi (47) and colleagues report that following a graded
maximal exercise test, CFS patients do not show symptom worsening until 5 days following
the stressor, illustrating that maximal and submaximal exercise may produce different
responses.

Although a primary intent of disease modifying treatments in MS is to reduce pro-
inflammatory activity, there were no significant baseline differences between MS patients
and controls on any specific pro-inflammatory marker. However, MS patients demonstrated
lower overall post-exercise immune activity reflected by lower TLR4 expression. The
observation that lower TLR4 expression was associated with higher baseline fatigue was
surprising, because TLR signaling controls innate immune responses which ultimately
promote proinflammatory activity, and TLRs have been implicated in MS (48). Further,
researchers have shown that nonresponders to the immune-modulating drug IFN-β have
overexpression in toll-like receptor signaling pathways (49). Post hoc analyses of MS
treatment subgroups showed that MS patients receiving immune-modulating or immune-
suppressing treatments had significantly lower TLR4 and IL-10 expression compared to
both controls and MS patients not receiving treatment. As noted by Marta (50), TLR4-
dependent production of proinflammatory cytokines is regulated by mechanisms that
dampen the pathway and prevent excess damage in animal models of MS. Treatments that
decrease TLR4 may reduce pro-inflammatory T-helper (Th) 1 cell responses but could also
interfere with these beneficial regulatory mechanisms or with anti-inflammatory Th2
immune responses. Thus, our data support previous observations that disease modifying
treatments that primarily target and reduce pro-inflammatory responses may not necessarily
ameliorate fatigue (51).

Because our MS treatment subgroups were so small, any observations specific to treatments
should be viewed with caution. Without a within subject comparison of gene expression
responses before vs. after beginning disease modifying treatment, we cannot be certain that
the treatment regimens contribute to the adrenergic or immune responses that were linked to
greater fatigue in MS patients. It would be beneficial to examine patients longitudinally to
determine whether these biomarkers are responsive to changes in fatigue levels and disease
status.

This study suggests interventions to reduce pathological fatigue in CFS and MS. For both
disorders, the sympathetic-immune interface may be a target for intervention. Alterations in
β-adrenergic activity have been shown to affect production of both pro- and anti-
inflammatory cytokines (37, 38), and may also modulate pain pathways (39). Use of
adrenergic agonists and antagonists, or behavioral changes such as carefully graded exercise
training may be useful. Light and colleagues (36) have shown that the β-adrenergic
antagonist propranolol, when administered in a dose too low to alter mean arterial blood
pressure, reduced clinical pain severity in patients with fibromyalgia including those who
had comorbid CFS. For CFS patients, studies on the use of carefully prescribed graded
exercise training are in progress, but early results indicate that post-exercise increases in
pain and/or fatigue are not prevented (7, 30). Kop et al (52) observed that higher ambulatory
ratings of pain and fatigue resulted in reduced subsequent physical activity in CFS patients;
thus, post-exertional worsening of symptoms make it less likely that patients will engage in
further exercise, and this may contribute to drop-out and failures in exercise interventions
for this disorder. For individuals with MS, evidence indicates that regular exercise is
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beneficial for improving fitness and reducing fatigue (9–11, 53). In CFS, the metabolite–
detecting ion channel receptors also provide a potential target for treatments, although safe
and selective pharmacological interventions for these receptors still need to be developed.

Conclusion
Although both CFS and MS patients reported greater physical and mental fatigue than
controls, the CFS group reported more fatigue and pain at pre-exercise than the MS group,
and their postexertional symptoms increased more and were still increased after 48 hrs while
the MS group recovered by 24 hrs. Gene expression of metabolite-detecting receptors
increased following exercise only in the CFS group, and only in this group was there a
correlation between P2X4 increases and severity of post-exercise fatigue and pain. Thus, the
pathology of CFS may include a susceptibility to disproportionate fatigue in response to
exercise stress that is uniquely expressed in this patient group. The pattern of gene
expression may have potential for use as a biomarker for diagnosis and treatment responses.
Abnormal increases in adrenergic receptors following exercise in both MS and CFS patients
suggest that dysregulation in sympathetic pathways contributes to the exaggerated fatigue in
both conditions. In MS, reduced expression of immune markers TLR4 and IL10 following
exercise was also associated with greater fatigue, which may be an unintended effect of
therapies targeting immune activity.
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Acronyms used

MS multiple sclerosis

CFS chronic fatigue syndrome

ASIC3 acid sensing ion channel receptor-3

P2X4 purinergic type 2X4 receptor

P2X5 purinergic type 2X5 receptor

TRPV1 transient receptor potential vanilloid type 1

TLR4 toll-like receptor-4

COMT catechol-o-methyl-transferase

IL interleukin

PCR polymerase chain reaction

AUC area under the curve

MAP mean arterial pressure

HR heart rate

WR work rate

RPE rating of perceived exertion
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Figure 3.
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Figure 4.
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