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Abstract

Objective: The pathomechanism of chronic fatigue syndrome/myalgic encephalomyelitis (CFS/

ME) is unknown; however, a small subgroup of patients has shown muscarinic antibody positivity

and reduced symptom presentation following anti-CD20 intervention. Given the important roles

of calcium (Ca2þ) and acetylcholine (ACh) signalling in B cell activation and potential antibody

development, we aimed to identify relevant single nucleotide polymorphisms (SNPs) and

genotypes in isolated B cells from CFS/ME patients.

Methods: A total of 11 CFS/ME patients (aged 31.82� 5.50 years) and 11 non-fatigued controls

(aged 33.91� 5.06 years) were included. Flow cytometric protocols were used to determine B cell

purity, followed by SNP and genotype analysis for 21 mammalian TRP ion channel genes and nine

mammalian ACh receptor genes. SNP association and genotyping analysis were performed using

ANOVA and PLINK analysis software.
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Results: Seventy-eight SNPs were identified in nicotinic and muscarinic acetylcholine receptor

genes in the CFS/ME group, of which 35 were in mAChM3. The remaining SNPs were identified in

nAChR delta (n¼ 12), nAChR alpha 9 (n¼ 5), TRPV2 (n¼ 7), TRPM3 (n¼ 4), TRPM4 (n¼ 1)

mAChRM3 2 (n¼ 2), and mAChRM5 (n¼ 3) genes. Nine genotypes were identified from SNPs in

TRPM3 (n¼ 1), TRPC6 (n¼ 1), mAChRM3 (n¼ 2), nAChR alpha 4 (n¼ 1), and nAChR beta 1

(n¼ 4) genes, and were located in introns and 30 untranslated regions. Odds ratios for these

specific genotypes ranged between 7.11 and 26.67 for CFS/ME compared with the non-fatigued

control group.

Conclusion: This preliminary investigation identified a number of SNPs and genotypes in genes

encoding TRP ion channels and AChRs from B cells in patients with CFS/ME. These may be involved

in B cell functional changes, and suggest a role for Ca2þ dysregulation in AChR and TRP ion channel

signalling in the pathomechanism of CFS/ME.
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Introduction

Acetylcholine (Ach) is a neuronal cholinergic
neurotransmitter that transmits activation
signals to receptors located in the central
nervous system (CNS), skeletal and smooth
muscle, preganglionic autonomic nerve
fibres, postganglionic autonomic parasympa-
thetic nerves, immune cells, and other tissues
of the non-neuronal cholinergic system
(NNCS).1–4

Two types of membrane proteins bind
Ach, muscarinic receptors (mAChRs) and
nicotinic receptors (nAChRs), both of which
have multiple isoforms. mAChRs are meta-
botropic receptors classified as M1 – M5,
while nAChRs are ion channels that are
typically heteromers of two subunits
(selected from nine alpha and three beta
subunits), with the exception of homomeric
nicotinic alpha 7.5 The ratio of subtypes
affects the signal conducting speed through
the receptor.6 Importantly, one receptor
subtype may impact on the receptor func-
tion of the other linked subtype.

In the NNCS, ACh binds AChRs on
immune and other cell types. ACh is produced

by lymphocytes expressing nAChRs that
influence B lymphocyte function, including
bone marrow development, B lymphocyte
activation, and the autoantibody response.7–9

Within the NNCS, ACh also performs endo-
crine and paracrine functions in tissues such
as smooth muscle, beta pancreatic cells, glial
cells, lymphocytes, ocular lens cells, and
brain vascular endothelium.10–14 These ACh
functions are mediated by calcium signalling,
which is particularly important for the acti-
vation of immune cell surface receptors.

mAChRs are inhibited by a type of cal-
cium channel known as mammalian transient
receptor potential (TRP) ion channels.15

These are Ca2þ-permeable cation channels
that act as an excitatory signal when opened
to induce cell depolarisation and cause a Ca2þ

influx, which plays a role in intracellular
signalling pathways. TRPs are comprised of
six main groups including TRPA (ankyrin),
TRPC (canonical), TRPM (melastatin),
TRPML (mucolipin), TRPP (polycystin),
and TRPV (vanilloid).16 TRPs are present
on almost all cell types, and their dysregula-
tion has been associated with pathological
conditions and disease.17–22
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Chronic fatigue syndrome (CFS) is also
often referred to as myalgic encephalomyeli-
tis (ME). To acknowledge previous work that
refers to either terminology, this study refers
to the hybrid acronym CFS/ME. CFS/ME is
characterised by a distinct impairment in
physical activity, debilitating fatigue accom-
panied by impairments in memory, cogni-
tion, and concentration, enhanced experience
of pain, and dysregulation of gastrointestinal,
cardiovascular, and immune systems.23–35

No diagnostic or screening test currently
exists for this illness.

We previously identified single nucleotide
polymorphisms (SNPs) in genes encoding
receptors that require Ca2þ as an import-
ant component of their function. These
include genes encoding TRP ion channels
and AChRs, namely TRPM3, TRPA1,
TRPC4,36 mAChRM3, nAChRs alpha 10,
alpha 5, and alpha 2 in peripheral blood
mononuclear cells (PBMCs) and isolated
natural killer (NK) cells from CFS/ME
patients.36,37,45 Additionally, we documented
changes in intracellular Ca2þ mobilisation
for TRPM3 from NK cells and B lympho-
cytes.38 These SNPs and their genotypes
may alter the structures and functions of
TRP ion channels and AChRs. A recent
study reported that a subgroup of CFS/ME
patients had muscarinic antibodies, and
observed a modest positive response with
reduced symptom presentation following
anti-CD20 intervention.39 Given the import-
ant roles of Ca2þ and ACh signalling in
B cell activation as well as the potential for
antibody development, the present study
aimed to identify SNPs and their genotypes
for TRPs and AChRs from isolated B cells
of CFS/ME patients.

Patients and methods

Recruitment

CFS/ME patients were defined in accordance
with the 1994 CDC criteria for CFS/ME.40 A
total of 11 CFS/ME patients and 11 non-

fatigued controls with no medical history or
symptoms of prolonged fatigue or illness of
any kind were recruited from the National
Centre for Neuroimmunology and Emerging
Diseases (NCNED) research database.40 All
participants attended NCNED to participate
in research. Participants were excluded if they
were pregnant or breastfeeding, or had a
history of smoking or substance use. All
participants provided signed consent and this
study was approved by the Griffith
University Research Ethics Committee
(MSC22/12HREC). This study was
approved by the Griffith University Human
Research Ethics Committee (MSC22/
12HREC).

Sample preparation and measurements

A total of 40ml of blood was collected from
the antecubital vein of participants into
lithium heparinised and EDTA collection
tubes between 09:00 h and 11:00 h. Routine
blood samples were analysed within 6 h of
collection for red blood cell counts, lympho-
cytes, granulocytes, and monocytes using an
automated cell counter (ACT Differential
Analyzer, Beckman Coulter, Miami, FL).

B cell isolation

PBMCs were isolated from 40mL of whole
blood using a previously described method.46

Briefly, PBMCs were isolated using a Ficoll-
Paque density gradient (GE Healthcare,
Uppsala, Sweden), then washed twice with
phosphate-buffered saline (PBS) (Gibco-
BRL, Gaithersburg, MD).

Cells were then resuspended in autoMACs
separation buffer (PBS with bovine serum
albumin, EDTA, and 0.09% azide) (Miltenyi
Biotec, Auburn, CA). Immunomagnetic
negative selection of B cells was performed
with B-cell isolation kit II (Miltenyi Biotec)
according to the manufacturer’s instructions.
Briefly, non-B cells such as T cells, NK cells,
dendritic cells, monocytes, granulocytes,
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and erythroid cells were indirectly magnet-
ically labelled using a cocktail of biotin-
conjugated antibodies against CD2, CD14,
CD16, CD36, CD43, and CD235a (glyco-
phorin A). B cell isolation was then achieved
following the depletion of magnetically
labelled cells.

Untouched B cells fluorescently stained
with anti-CD19-BV421 and anti-CD3-PerCP
antibodies were measured using LSR Fortessa
X-20 flow cytometry. Cell debris and dead
cells were excluded from the analysis based on
scatter signals. The mean purity was 85.66%
� 9.6% for non-fatigued controls and
76.5%� 13.1% for CFS/ME patients, repre-
senting no significant difference between
groups for levels of B lymphocytes.

DNA extraction

A total of 40mL blood was collected into
EDTA tubes for SNP analysis. Genomic
DNA was extracted from whole blood sam-
ples using the Qiagen DNA blood mini-kit
according to the manufacturer’s instructions
(Qiagen, Venlo, Netherlands). SNP geno-
typing studies were performed as previously
described.36,42

SNP analysis

A total of 661 SNPs were examined from
21 mammalian TRP ion channel genes
(TRPA1, TRPC1, TRPC2, TRPC3, TRPC4,
TRPC6, TRPC7, TRPM1, TRPM2, TRPM3,
TRPM4, TRPM5, TRPM6, TRPM7,
TRPM8, TRPV1, TRPV2, TRPV3, TRPV4,
TRPV5, and TRPV6) and nine mammalian
ACh receptor genes (muscarinic M1, M2, M3,
M4, and M5, nicotinic alpha 2, 3, 5, 7, 9, and
10, beta 1, and 4, and epsilon) in B cell DNA
using the MassARRAY iPLEX Gold Assay
(a Matrix Assisted Laser Desorption
Ionisation Time-of-Flight mass spectrometry
platform; Sequenom Inc.).

Genomic DNA quality and quantity were
assessed as previously described,44,48

including quantification using a Nanodrop
spectrophotometer (Nanodrop).
Approximately 2 mg of genomic DNA was
then used to perform SNP analysis.
MassARRAY was employed to discrimin-
ate alleles based on single-base extensions of
an extension primer of knownmass designed
to attach next to the SNP site of interest.
Custom multiplexed wells were designed in
silico using Agena Bioscience’s Assay
Design Suite, and built using custom syn-
thesised oligonucleotides that were pooled
for sample processing. The iPLEX Gold
chemistry utilised two multiplexed oligo
pools for each genotyping well. A multi-
plexed PCR pool was used to generate short
amplicons that included all genomic mar-
kers of interest in that particular well.
Following PCR and clean-up steps, a sec-
ondary PCR ‘extension’ step was under-
taken with pools of extension primers that
were designed to attach next to the SNP sites
of interest. During the extension phase, a
termination mix was added that enabled
these extension primers to be extended by a
single base only. Given the knownmolecular
weight of the extension primer, allele dis-
crimination could be measured using the
peak heights of the unextended primer plus
single-base extension possibilities for the
SNP.

TRP ion channel and AChR SNP assays

Primers and extension primers were designed
for each of the SNPs using Assay Designer
software (Sequenom Inc.) according to the
manufacturer’s instructions and as previ-
ously described.44,45 PCR conditions were as
follows: 94�C for 2min, 94�C for 30 s, 56�C
for 30 s, and 72�C for 1min. Amplification
products were treated with shrimp alkaline
phosphatase at 37�C for 40min then 85�C
for 5min, and stored at 4�C. Extension
primers were optimised to control the
signal-to-noise ratio. This involved examin-
ing unextended primers (UEPs) on the
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spectroCHIP array and evaluating them
using Typer 4.0 software as low-mass UEP,
medium-mass UEP, and high-mass UEP.
iPLEX extension was performed using
iPLEX Gold Buffer Plus, iPLEX termin-
ationmix, iPLEX enzyme, and primer mix at
an initial denaturation of 94�C for 30 s,
annealing at 52�C for 5min, extension at
80�C for 5min (five cycles of annealing and
extension were performed, but the entire
reaction involved 40 cycles), and an exten-
sion at 72�C for 3min. Resin beads were
used to rinse iPLEXGold reaction products.
MassARRAY was performed using the
MassARRAY mass spectrometer, and gen-
erated data were analysed using
TyperAnalyzer software.

Statistical analysis

Statistical analysis was performed using SPSS
software version 22 (IBM). Experimental
data were reported as means� standard
error of the mean (�SEM), while clinical
data were reported as means� standard
deviation (�SD). Comparative assessments
among participants (CFS/ME and non-

fatigued controls) were performed using
the analysis of variance test and the criterion
for significance was set at P< 0.05.

The PLINK v1.07 (http://pngu.mgh.har-
vard.edu/purcell/plink/) whole genome ana-
lysis tool set was used to determine
associations between CFS/ME patients and
the non-fatigued control group. A two-
column �2 test was used to examine dif-
ferences, with P< 0.05 taken to be signifi-
cant. Further genotype analysis for
differences between CFS/ME and the non-
fatigued group was also completed accord-
ing to a two-column �2 test, and Yate’s
correction factor was applied with signifi-
cance at P< 0.05. Analyses were performed
at the Australian Genome Research Facility
Ltd. (Victoria, Australia).

Results

Participants

A total of 11 CFS/ME patients (mean
age, 31.82� 5.50 years) were recruited, of
whom 72.7% were females, together with 11
non-fatigued controls (mean age, 33.91� 5.06
years), of whom 63.6% were females. All

Table 1. Characteristics of chronic fatigue syndrome/myalgic encephalomyelitis patients

and non-fatigued controls.

Characteristic

CFS/ME patients

n¼ 11

Non-fatigued controls

n¼ 11 P-value

Gender (% female) 8 (72.7%) 7 (63.6%) 0.497

Mean age (years) 31.82 (5.50) 33.91 (5.06) 0.783

Haemoglobin (g/L) 133� 2.70 134.70� 3.85 0.728

Haematocrit (%) 0.36� 0.02 0.30� 0.02 0.967

Red cell count (�1012/L) 4.40� 0.13 4.50� 0.11 0.591

Mean corpuscular volume (fL) 89.56� 1.54 88.20� 0.61 0.406

White cell count (�109/L) 7.09� 0.69 5.80� 0.32 0.097

Neutrophils (�109/L) 4.15� 0.51 3.21� 0.21 0.096

Lymphocytes (�109/L) 2.35� 0.23 2.13� 0.24 0.549

Monocytes (�109/L) 0.36� 0.02 0.30� 0.02 0.043

Eosinophils (�109/L) 0.19� 0.04 0.14� 0.03 0.275

Basophils (�109/L) 0.03� 0.00 0.03� 0.01 0.752

Platelets (�109/L) 241.56� 19.55 248.10� 18.35 0.810

CFS/ME, chronic fatigue syndrome/myalgic encephalomyelitis
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Table 2. Frequency and distribution of SNPs in B cell genes for TRP ion channels and AChRs in chronic

fatigue syndrome/myalgic encephalomyelitis patients and non-fatigued controls in rank order of significance.

Gene CHR Ref SNP BP A1 F_A F_U A2 �2 P-value OR

CHRNA4 20 rs11698563 63360932 A 0.2885 0.7083 C 11.88 0 0.1669

CHRND 2 rs11674608 2.33Eþ 08 G 0.34 0.7778 C 10.23 0 0.1472

CHRNA9 4 rs10009228 40354404 A 0.1786 0.5 G 8.706 0 0.2174

CHRM3 1 rs1867264 2.40Eþ 08 A 0.28 0.6364 T 8.164 0 0.2222

CHRNA9 4 rs4861323 40353797 G 0.1786 0.4583 A 6.792 0.01 0.2569

CHRNA2 8 rs2741341 27472768 C 0.5179 0.2083 T 6.586 0.01 4.081

TRPC6 11 rs11224816 1.02Eþ 08 T 0.5192 0.2083 C 6.511 0.01 4.104

CHRND 2 rs12463989 2.33Eþ 08 C 0.3571 0.6667 T 6.503 0.01 0.2778

CHRND 2 rs2767 2.33Eþ 08 C 0.3571 0.6667 T 6.503 0.01 0.2778

CHRND 2 rs112001880 2.33Eþ 08 D 0.3571 0.6667 I 6.503 0.01 0.2778

CHRNB1 17 rs4151134 7443803 C 0.3214 0.625 T 6.389 0.01 0.2842

CHRM3 1 rs1899616 2.40Eþ 08 A 0.3269 0.6667 G 6.361 0.01 0.2429

CHRNB4 15 rs12440298 78635246 G 0.01786 0.1667 T 6.349 0.01 0.09091

TRPV3 17 rs4790519 3553440 C 0.5556 0.25 T 6.242 0.01 3.75

TRPM3 9 rs1317103 70580786 C 0.3519 0.08333 T 6.089 0.01 5.971

CHRND 2 rs67583510 2.33Eþ 08 A 0.1852 0.4545 G 5.849 0.02 0.2727

CHRM3 1 rs12093821 2.40Eþ 08 A 0.2963 0.5833 G 5.784 0.02 0.3008

CHRM3 1 rs10802802 2.40Eþ 08 A 0.375 0.6667 G 5.749 0.02 0.3

CHRNA9 4 rs4861065 40342377 C 0.3929 0.125 T 5.61 0.02 4.529

CHRNA9 4 rs7669882 40348633 A 0.3929 0.125 G 5.61 0.02 4.529

CHRM3 1 rs6684622 2.40Eþ 08 C 0.38 0.6818 G 5.584 0.02 0.286

CHRM3 1 rs1134 2.40Eþ 08 T 0.3462 0.625 C 5.197 0.02 0.3176

CHRND 2 rs3762529 2.33Eþ 08 C 0.3462 0.625 T 5.197 0.02 0.3176

CHRND 2 rs12466358 2.33Eþ 08 G 0.1731 0.4167 T 5.197 0.02 0.293

CHRND 2 rs3828246 2.33Eþ 08 T 0.1731 0.4167 C 5.197 0.02 0.293

CHRM3 1 rs11585281 2.40Eþ 08 T 0.3889 0.6667 C 5.142 0.02 0.3182

CHRM3 1 rs12029701 2.40Eþ 08 C 0.3889 0.6667 T 5.142 0.02 0.3182

CHRND 2 rs13026409 2.33Eþ 08 T 0.1786 0.4167 C 5.079 0.02 0.3043

CHRNG 2 rs13018423 2.33Eþ 08 T 0.1786 0.4167 C 5.079 0.02 0.3043

CHRM3 1 rs619214 2.40Eþ 08 G 0.3 0.6111 T 5.021 0.03 0.2727

CHRM3 1 rs2165872 2.40Eþ 08 T 0.3148 0.5833 C 5.003 0.03 0.3282

CHRM3 1 rs2083817 2.40Eþ 08 A 0.3148 0.5833 T 5.003 0.03 0.3282

CHRND 2 rs4973537 2.33Eþ 08 G 0.3571 0.625 A 4.898 0.03 0.3333

CHRND 2 rs3791729 2.33Eþ 08 T 0.3571 0.625 C 4.898 0.03 0.3333

TRPV2 17 rs35400274 4900415 A 0.07143 0.25 G 4.898 0.03 0.2308

CHRM3 1 rs16838637 2.40Eþ 08 G 0.3214 0.5833 A 4.802 0.03 0.3383

CHRM3 1 rs1867265 2.40Eþ 08 A 0.3214 0.5833 G 4.802 0.03 0.3383

CHRM3 1 rs7551001 2.40Eþ 08 G 0.3214 0.5833 A 4.802 0.03 0.3383

CHRM5 15 rs603152 34002435 A 0.4643 0.2083 C 4.637 0.03 3.293

CHRM3 1 rs1155612 2.40Eþ 08 G 0.4 0.6667 A 4.616 0.03 0.3333

CHRM2 7 rs1424569 1.37Eþ 08 G 0.4 0.6667 A 4.616 0.03 0.3333

TRPV2 17 rs3514 4898298 C 0.07407 0.25 G 4.601 0.03 0.24

TRPV2 17 rs12942540 4900777 C 0.07407 0.25 G 4.601 0.03 0.24

TRPM4 19 rs11083963 49162082 G 0.2826 0.5417 A 4.534 0.03 0.3333

CHRM2 7 rs1364403 1.37Eþ 08 T 0.4107 0.1667 C 4.475 0.03 3.485

(continued)

1386 Journal of International Medical Research 44(6)



participants in both groups were of European
decent and were residents of Australia at the
time of blood collection. There were no
significant differences in white blood cell
counts between CFS/ME patients and the
non-fatigued control group. Table 1 outlines
participant characteristics. No significant dif-
ferences were identified between groups with
respect to routine pathology, except that the
number of monocytes was significantly higher

in the CFS/ME group than in healthy controls
(P¼ 0.04). However, the number of mono-
cytes among CFS/ME patients was within
the normal range, because any outliers were
excluded from analysis in this study. CFS/ME
patients were considered to have moderate
CFS, which was defined as a substantial
reduction in the activities that they performed
prior to their illness but the ability to continue
some activities outside the home.

Table 2. Continued.

Gene CHR Ref SNP BP A1 F_A F_U A2 �2 P-value OR

TRPM3 9 rs4620343 71121726 T 0.4107 0.1667 C 4.475 0.03 3.485

CHRM3 1 rs12743042 2.40Eþ 08 C 0.3704 0.6364 T 4.473 0.03 0.3361

CHRM3 1 rs6688537 2.40Eþ 08 A 0.4074 0.6667 C 4.47 0.03 0.3438

CHRM5 15 rs646950 33999458 T 0.4615 0.2083 C 4.461 0.03 3.257

CHRM3 1 rs2163546 2.40Eþ 08 G 0.5385 0.2727 A 4.396 0.04 3.111

CHRM3 1 rs1544170 2.40Eþ 08 A 0.3704 0.625 G 4.355 0.04 0.3529

TRPM3 9 rs3812532 70868677 A 0.3704 0.625 C 4.355 0.04 0.3529

CHRND 2 rs2853457 2.33Eþ 08 A 0.5 0.25 G 4.297 0.04 3

CHRM3 1 rs6429147 2.40Eþ 08 C 0.2963 0.5417 G 4.283 0.04 0.3563

CHRM3 1 rs6700643 2.40Eþ 08 C 0.2963 0.5417 T 4.283 0.04 0.3563

CHRM3 1 rs10925941 2.40Eþ 08 A 0.2963 0.5417 G 4.283 0.04 0.3563

CHRM3 1 rs576386 2.40Eþ 08 C 0.5192 0.25 G 4.24 0.04 3.24

CHRNA9 4 rs10015231 40335548 T 0.1964 0.4167 C 4.209 0.04 0.3422

TRPV2 17 rs33970119 4901606 A 0.03571 0.1667 G 4.153 0.04 0.1852

CHRM3 1 rs1867263 2.40Eþ 08 A 0.3036 0.5417 G 4.063 0.04 0.3688

CHRM5 15 rs511422 33990780 C 0.4464 0.2083 T 4.063 0.04 3.065

TRPM3 9 rs10780950 70578511 T 0.2885 0.08333 C 3.979 0.05 4.459

TRPV2 17 rs2075763 4899389 T 0.03704 0.1667 C 3.932 0.05 0.1923

CHRM3 1 rs685550 2.40Eþ 08 C 0.2222 0.04167 T 3.9 0.05 6.571

CHRM3 1 rs6694220 2.40Eþ 08 G 0.4231 0.6667 A 3.897 0.05 0.3667

TRPV2 17 rs12602006 16433973 G 0.2692 0.5 A 3.885 0.05 0.3684

TRPV2 17 rs7222754 16426430 T 0.4423 0.2083 C 3.863 0.05 3.014

CHRNB1 17 rs3829603 7443722 A 0.2593 0.5 C 3.86 0.05 0.35

CHRM3 1 rs10754677 2.40Eþ 08 G 0.3846 0.625 A 3.819 0.05 0.375

CHRM3 1 rs7513746 2.40Eþ 08 G 0.3889 0.625 A 3.727 0.05 0.3818

CHRM3 1 rs10802795 2.40Eþ 08 C 0.3889 0.625 T 3.727 0.05 0.3818

CHRM3 1 rs3738436 2.40Eþ 08 A 0.3889 0.625 C 3.727 0.05 0.3818

CHRM3 1 rs7511970 2.40Eþ 08 A 0.3889 0.625 G 3.727 0.05 0.3818

CHRM3 1 rs1155611 2.40Eþ 08 T 0.3889 0.625 C 3.727 0.05 0.3818

CHRM3 1 rs1019882 2.40Eþ 08 G 0.3889 0.625 A 3.727 0.05 0.3818

CHRM3 1 rs1416789 2.40Eþ 08 G 0.3889 0.625 A 3.727 0.05 0.3818

CHRM3 1 rs10925964 2.40Eþ 08 A 0.3889 0.625 T 3.727 0.05 0.3818

CHRNB1 17 rs2302767 7447224 C 0.2778 0.5 T 3.725 0.05 0.3846

CHR, chromosome location; Ref SNP, reference SNP identification; �2, chi-squared for basic allelic test (one degree of

freedom); OR, odds ratio
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SNP analysis

Of the 661 SNPs identified in TRP ion
channel and AChR genes from B cells, 77
were associated with genes encoding
nAChRs and mAChRs in CFS/ME patients.
These included 35 SNPs in the gene encoding
mAChM3, while the remaining predominate
SNPs were identified in genes encoding
nAChR delta (n¼ 12), nAChR alpha 9
(n¼ 5), TRPV2 (n¼ 7), TRPM3 (n¼ 4),
TRPM4 (n¼ 1), mAChRM2 (n¼ 2), and
mAChRM5 (n¼ 3). Table 2 lists all SNPs
in TRP ion channel and AChR genes in B
cells of participants.

Genotype analysis

Nine genotypes were identified fromSNPs that
showed significant differences in frequency
between the CFS/ME group and the non-
fatigued control group. These were: TRPM3
(n¼ 1), TRPC6 (n¼ 1), mAChRM3 (n¼ 2),
nAChR alpha 4 (n¼ 1), and nAChR beta 1
(n¼ 4) (Table 3). Odds ratios (ORs) for spe-
cific genotypes for these SNPs ranged from
7.11 to 26.67 for theCFS/MEgroup compared
with the non-fatigued control group.

Discussion

The current investigation reports novel
findings for AChR and TRP variants and
genotypes in B cells from CFS/ME patients.
These data are consistent with our previous
findings for PBMCs and NK cells in
CFS/ME patients.36,37,41

Intracellular Ca2þ levels are substantially
modulated by receptor-induced alterations,
and are regulated by plasma membrane
channels, intracellular receptor channels,
non-selective cation channels, specific mem-
brane transporters, and the cell membrane
potential.20,46,47 Ca2þ is critical for lympho-
cyte differentiation and function, as well as
the regulation of antigen receptors, co-
receptors, signal transduction, mitochon-
drial function, transcriptional factors, and
gene expression.43–46

The immune system is dependent on
cholinergic signalling because B and T cells
express cholinergic receptors and regulate
cytokines during inflammation48,49 and the
immune response.50 Indeed, cholinergic sig-
nalling influences both B cell9 and T cell51

responses and has been found to initiate B
cell autoimmunity.52 Of the cholinergic

Table 3. Genotype and odds ratio of SNPs in B cell genes for TRP ion channels and AChRs in chronic fatigue

syndrome/myalgic encephalomyelitis patients and non-fatigued controls in rank order of significance.

Gene CHR Ref SNP Genotype

CFS

(%)

Non-fatigued

controls (%) �2 OR P-value

CHRNB1 17 rs3829603 CC 8 (72.7%) 1 (9.1%) 9.21 26.67 (2.31 – 308.00) 0.002

CHRNB1 17 rs4151134 TT 7 (63.6%) 1 (9.1%) 7.07 17.50 (1.60 – 191.89) 0.008

CHRNB1 17 rs2302767 TT 7 (63.6%) 1 (9.1%) 7.07 17.50 (1.60 – 191.89) 0.008

CHRNA4 20 rs11698563 CC 6 (54.5%) 1 (9.1%) 5.24 12.00 (1.12 – 128.84) 0.022

CHRNB1 17 rs7210231 CA 7 (63.6%) 2 (18.2%) 4.70 7.88 (1.11 – 56.12) 0.030

TRPM3 9 rs7038646 AG 9 (81.8%) 4 (36%) 4.70 7.88 (1.11 – 56.12) 0.030

TRPC6 11 rs10791504 GG 7 (63.6%) 2 (18.2%) 4.70 7.88 (1.11 – 56.12) 0.030

CHRM3 1 rs1867264 TA 8 (72.7%) 3 (27.3%) 4.55 7.11 (1.09 – 46.44) 0.033

CHRM3 1 rs6688537 CA 8 (72.7%) 3 (27.3%) 4.55 7.11 (1.09 – 46.44) 0.033

CHR, chromosome location; Ref SNP, reference SNP identification; CFS (%), percentage of chronic fatigue syndrome/

myalgic encephalomyelitis patients with genotype; Non-fatigued controls (%), percentage of non-fatigued controls with

genotype; �2, chi-squared for basic allelic test (one degree of freedom); OR, odds ratio
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receptor SNPs identified, mAChM3R fea-
tured prominently (45%) which is consistent
with our previous findings for SNPs
and their genotypes in NK cells.37 In our
current investigation, we identified two SNP
genotypes for mAChM3R. However, given
the small sample number as well as taking
into account our previous results for SNP
genotypes from isolated NK cells and
PBMCs, other genotypes for this receptor
may be present in B cells of CFS/ME
patients. A recent study reported a subgroup
of CFS/ME patients with muscarinic anti-
bodies (against mAChM3R), and in whom a
modest positive response occurred with
reduced symptom presentation following
anti-CD20 intervention.39 Although patient
genotypes were not reported in this subgroup
analysis, our current findings, together with
our previous genotype findings in isolated
NK cells from a larger CFS/ME cohort,
suggest that these genotype changes may play
a role in B cell function. Moreover, the
ubiquitous distribution of cholinergic recep-
tors throughout the body suggests that
anomalies in SNP genotypes and their het-
erodimer configuration and pattern may
contribute to the various clinical symptoms
of CFS/ME.

Our identification of SNPs in mAChRs
and nAChRs from a diverse range of blood
cells, such as PBMCs and isolated NK cells
in larger cohorts of CFS/ME patients, sug-
gests that cholinergic signalling may be
impeded in this disorder. Muscarinic signal-
ling was previously shown to play a role in
gastrointestinal function,53 and antibodies
to mAChM3Rs have been found to inhibit
gastrointestinal motility and cholinergic
neurotransmission.54 mAChM3Rs are pre-
sent in the heart where they regulate intra-
cellular phosphoinositide hydrolysis to
improve cardiac contraction, haemo-
dynamic function,55 and provide a protect-
ive effect against ischaemia.56 They are also
located in the pancreas where they mediate
acetylcholine control over insulin secretion

and have other important regulatory
functions.57–59

Nicotinic signalling via nAChRs is widely
distributed in organisms demonstrating the
universal nature of cholinergic signalling.
Muscle-type nAChRs, such as b1, are simi-
lar throughout the body.7 Our present study
identified a high number of SNPs and
genotypes in nAChRs, suggesting that the
extent of SNP genotypes in cholinergic
receptors may play a role in B cell function.
Indeed, ACh functions as a paracrine/
autocrine regulator of immune and other
physiological functions.60 We demonstrate
significant ORs for the genotypes of nAChR
b1 SNPs rs3829603 (C/C) and rs4151134
(T/T), located in the 30 untranslated region
(UTR), ranging from17.50 to 26.67 for the
CFS/ME group. This is a binding site for
regulatory proteins involved in the post-
transcriptional control of gene expression.61

Binding to specific sites within the 30 UTR
may decrease the expression of various
mRNAs either by inhibiting translation or
directly causing degradation of the tran-
script. The agonist-binding site of nAChRs
is located at the interface between adjacent
subunits. An a subunit (a1, a2, a3, a4, a6,
a7, or a9) comprises the positive side of the
binding site, while the negative side is
composed of a10, b2, b4, d, g, or " subunits.
a5, b1, and b3 subunits assemble in the
receptor complex as a fifth subunit, not in
the direct formation of the agonist-binding
site, but forming an integral configuration
for binding agonists and ligand selectivity.62

Given the number of SNP genotypes for
nAChR b1 that were located in the 30 UTR,
the fifth subunit might be expected to alter
ligand selectivity.37

Various subunit combinations have pre-
viously been shown to give different nAChR
subtypes that vary in their kinetic par-
ameters, ion channel selectivity, ligand spe-
cificity, signalling pathways, and tissue
functions.63 The high density of AChR
distribution throughout the body means

Marshall-Gradisnik et al. 1389



that many tissues are likely to be affected
following changes in AChR expression, with
a potential loss of function of neuronal and
non-neuronal cholinergic signalling path-
ways. This may explain the changes in
B cell phenotypes of CFS/ME patients previ-
ously observed by us and others;26,64 we also
separately reported a reduction in Ca2þmobil-
isation into B cells via TRPM3 in association
with receptor 30 UTR SNP genotypes.38

Cholinergic signalling in the brain is
primarily focused on two main loci: the
basal forebrain and the pedunculopontine
area of the hindbrain.65 Acute vasoconstric-
tion occurs after removal of the cholinergic
parasympathetic input to forebrain cerebral
arteries,66 indicating the critical importance
of intact cholinergic signalling in the brain.
Both nicotinic and muscarinic cholinergic
signalling influence hippocampal synaptic
plasticity and the processing of cholinergic-
dependent higher cognitive functions.67

Cholinergic and glutamatergic signalling
previously demonstrated interdependence
in cortical glial cell function during sleep/
wake studies.68 Moreover, the key CNS
function of memory formation is Ca2þ-
dependent through its association with cho-
linergic signaling,69 and is associated with
long term potentiation in hippocampal
synapses.

Although the present study is only a
preliminary investigation, its small sample
size is a limitation. Moreover, we only
examined changes in patients with moderate
CFS/ME, so future work should examine
patients with severe CFS/ME who are
housebound or bedridden. Nevertheless,
our findings suggest that further investiga-
tions of mAChR and nAChR SNPs in a
larger cohort of CFS/ME patients and
healthy controls are warranted. We further
suggest a comparison between a group
meeting the diagnostic criteria for chronic
fatigue alone, compared with those meeting

criteria for CFS/ME, as an additional val-
idation of the identified markers.

Conclusion

Our identification of SNP genotypes in cho-
linergic and TRP receptor genes in B cells,
and previously in PBMCs and isolated NK
cells, of CFS/ME patients suggests a poten-
tial contribution to systemic disease path-
ology including the immune, CNS, heart,
gastrointestinal, and hormonal systems. The
effects of these SNP genotypes on cholinergic
signalling are likely to be particularly import-
ant in the CNS, peripheral nervous system,
and autonomic nervous system. The func-
tional effects of these genotypes and their
combinations indicate that they may be
contributing factors in the aetiology and
clinical phenotypes of CFS/ME.
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