Chapter 11

Detection of Non-neuronal Acetyicholine

Ignaz Karl Wessler and Charles James Kirkpatrick

Abstract

The biological role of acetylcholine and the cholinergic system has been revisited within the last 25 years.
Acetylcholine and the pivotal components of the cholinergic system (high affinity choline uptake, choline
acetyltransferase and its endproduct acetylcholine, muscarinic and nicotinic receptors, cholinesterases) are
expressed by more or less all mammalian cells, i.e., cells not innervated by neurons at all. Moreover, ace-
tylcholine and cholinergic binding sites have been described in plants. Acetylcholine is even detected in
bacteria and algae and thus represents an extremely old signaling molecule on the evolutionary time scale.
The following chapter summarizes the detection of acetylcholine beyond neurons with particular emphasis
on the presence of acetylcholine in so-called primitive organisms. Finally, an overview is given about the
detection in mammalian non-neuronal cells. The existence of the non-neuronal cholinergic system has
identified an important new target to illuminate the pathophysiological background of acute and chronic
inflammatory diseases as well as heart diseases and cancer.

Key words Non-neuronal acetylcholine, Non-neuronal cholinergic system, HPLC combined
with bioreactors and electrochemical detection, Evolution, Bacteria, Plants, Unicellular organisms,
Epithelial-mesothelial-endothelial and immune cells, Signaling via muscarinic and nicotinic receptors

1 Introduction

Even in our modern day and age textbooks as well as academic
education are presenting acetylcholine as a neurotransmitter medi-
ating the communication between neurons, interneurons and
innervated effector cells such as muscle fibers and glandular cells.
An actual upload (http://en.wikipedia.org /wiki/acetylcholine [1])
describes acetylcholine as follows: “acetyicholine bas functions both
in the peripheral nervous system (PNS) and in the central nervous
system (CNS) as a neuvomodulator.” An actual research in PubMed
shows 150-fold more references in favor of the key words “acetyl-
choline and neurotransmitter” than given for the term “non-neuronal
acetylcholine.” Of course, our knowledge about acetylcholine and its
biological functions has substantially increased in the last 130 years,
when for the first time acetylcholine was extracted from the brain and
called at first neurin and later on synthesized as acetylcholine [2, 3].
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It is fascinating today to realize that all the biological systems/
functions in which acetylcholine, released from central, parasympa-
thetic, and peripheral intramural neurons as well as motoneurons,
is involved by stimulating at least 11 different subunits of nicotinic
receptors and five subtypes of muscarinic receptors. Thus, acetyl-
choline acts as neurotransmitter in the motoric and sensoric (i.e.,
thermal, pain, taste) system; acetylcholine is involved in complex
integrative neuronal functions like memory, learning and sexual
activity; acetylcholine, as a neurotransmitter of autonomic neu-
rons, controls the cardiovascular, respiratory, gastrointestinal, and
urogenital system. However, this summarizes only the role of ace-
tylcholine within the nervous system, and the role of acetylcholine
as a general signaling molecule beyond neurons has to be consid-
ered additionally.

To discriminate acetylcholine not synthesized by neuronal cells
and not mediating nervous impulses but acting as autocrine/
paracrine signaling molecule from acetylcholine acting as neuro-
transmitter, the nomenclature “non-neuronal acetylcholine” and
“non-neuronal cholinergic system” has been introduced in 1998
and 1999 [4, 5]. One should consider that the existence of acetyl-
choline independent of neurons has been known for a long time
before (for review see ref. [6]). Unfortunately, the scientific com-
munity has forgotten the first experiments by Ewins and Dale who
investigated the effect of an extract of the ergot fungus (Claviceps
purpurea) on the blood pressure in 1914 [7, 8]. Ergot grows on
rye particularly during rainy periods in spring and can induce seri-
ous intoxications (called “St. Anthony’s Fire”) which were known
during the Middle Ages and were based on the vasoactive effects of
the ergot alkaloids. When Ewins and Dale investigated the hemo-
dynamic effects of an extract of this fungus, they found a depressor
effect [7, 8]. Later on they could attribute this depressor effect to
acetylcholine [8]. In conclusion, the first experiments illuminating
a biological role of acetylcholine, “the blood pressure lowering
substance”, the molecule was extracted from fungi, i.e., from non-
neuronal organisms. Some years later (1921) Otto Loewi pre-
sented the first experimental evidence for the neurotransmitter role
of acetylcholine, when he used a pair of isolated frog hearts [9].
The first heart with the nerves attached was stimulated and the
second was used as detector to demonstrate the released substances
from the first one. He postulated the so-called “Vagus-Stoff”
or “parasympathin” acting as humoral transmission of nervous
impulses [9] and 5 years later the vagus-substance was identified
as acetylcholine [10]. Later on (1963) Whittaker stated that
“acetylcholine occurs in non-nervous tissues and is so widely dis-
tributed in nature to suggest a non-nervous function of it” [11]
and Koelle speculated about acetylcholine representing a phylo-
genetically very old molecule, which, in primitive organisms such
as plants and unicellular organisms, might be involved in the
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regulation of transport processes [12]. Moreover, important
contributions in the last century showed the synthesis of acetylcho-
line in bacteria, algae, yeast, fungi, protozoa, nematodes, sponges,
and plants [4-6, 13-22] Thus, acetylcholine is as far as we know
one of the oldest signaling molecules in the evolutionary process.
The present chapter is focused on the detection of non-
neuronal acetylcholine. In the last years important review articles
have been published to describe this topic in more detail [4-7,
23-35]. Moreover, in 2002, 2006, 2011, and 2014 international
conferences on non-neuronal acetylcholine were held [36-38].

2 Detection Methods for Acetylcholine

For decades the most sensitive, but less specific, method for deter-
mination of acetylcholine was the bioassay, such as the leech longi-
tudinal muscle, the guinea pig small intestine, the frog rectus
abdominis muscle, and cat blood pressure. Using these detector
systems together with specific antagonists the lower detection limit
for acetylcholine amounted to about 0.2-5 ng (corresponding to
about 1-20 pmol) [6]. In addition acetylcholine can be detected
by gas chromatography combined with a preceding chemical trans-
formation of the quaternary ammonium compound acetylcholine
or by ion-pair extraction and using a nitrogen selective detector
[39]. The detection limit for these methods is around 50-100 pmol
acetylcholine.

Later on in the 1980 decade acetylcholine is detected by HPLC
combined with bioreactors, i.e., an analytical column separates ace-
tylcholine from choline and thereafter acetylcholine is converted
by immobilized acetylcholinesterase to choline which reacts with
immobilized choline-oxidase to H,0, and betaine; H,0O, can then
be detected either by luminescence or by electrochemical detection
[40,41]. The HPLC method was further optimized in the follow-
ing years by using microbore columns with an internal diameter of
1 mm and attained a sensitivity of about 10-50 fmol /20 pl ([4],
see also Fig. 1a). Finally, a radioimmunoassay for acetylcholine has
also been established [42]. Very recently a highly sophisticated
method has been developed which can visualize non-neuronal ace-
tylcholine in the epithelial cell layer of the mouse small intestine
[43]; matrix-assisted laser absorption/ionization (MALDI-TOF)
imaging mass spectrometry has been optimized for the cellular
detection and visualization of acetylcholine.

The increase in the detection limit was very important for
progress in understanding the non-neuronal cholinergic system,
because mammalian non-neuronal cells contain considerably less
acetylcholine than neurons. The non-neuronal cells (see Table 3)
do not concentrate acetylcholine in high quantities within small
vesicles, where acetylcholine is highly concentrated and stored by
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Fig. 1 Detection of non-neuronal ACh by HPLC with bioreactors and electrochemi-
cal detection. (a) 85 mg of a stem of Urtica dioica was placed in 1 ml of 15 vol.%
formic acid in acetone and minced with scissors. After standing on ice (30 min) and
centrifugation, the supernatant was evaporated to dryness by nitrogen. The dried
sample was resuspended in 1 ml of a phosphate buffer, diluted by a factor of 200
and an aliquot (20 pl) was injected onto the HPLC-system (for details see ref. [44]).
First row. chromatogram of a standard solution containing 1 pmol acetylcholine
and choline/20 pl using the regular analytical column or, on the right hand side, an
analytical column packed with acetylcholine-specific esterase, i.e., under this con-
dition the first acetylcholine peak disappeared. Second row: chromatogram of the
extract from Urtica dioica; the second chromatogram shows the same sample
spiked with 0.6 pmol acetylcholine/20 pl; still only one peak appears at the reten-
tion time corresponding to acetylcholine; third chromatogram shows the same



Detection of Non-neuronal ACh 209

neurons to generate a super threshold signal upon neuronal activity.
In contrast, non-neuronal cells appear to release acetylcholine in
small quantities more or less continuously to maintain cellular
homeostasis by autocrine and paracrine signaling via muscarinic
and nicotinic receptors which are abundantly expressed on more or
less all cells. Thus, a very sensitive method is required to detect
non-neuronal acetylcholine extracted either from human epithelial
cells or human skin by dermal microdialysis [44, 45].

However, one has to consider that HPLC measurement
combined with bioreactor and electrochemical detection does not
represent a 100 % specific method, as other unknown compounds
or other choline-esters can produce peaks with a retention rate
similar to that of acetylcholine. Therefore, one has to prove the
identity of the acetylcholine peak by spiking the sample with a low
quantity of applied acetylcholine and by using an acetylcholinester-
ase-packed analytical column. Under this condition the acetylcho-
line peak must disappear and the choline peak should increase
correspondingly. A typical example is shown in Fig. 1a using extracts
of leaves of Urtica dioica and for reference a standard sample con-
taining 1 pmol/20 pl of both acetylcholine and choline. Figure 1b
demonstrates the presence of acetylcholine in human platelets.

For detection of non-neuronal acetylcholine in tissue or cells
(freshly isolated or cultured) it is important to homogenize or lyse
the cells/tissue in small volumes. For example, pieces of isolated
airways or small intestine can be fixed in a Petri dish with the lumi-
nal surface facing upwards and a cotton-tipped applicator can gen-
tly rubbed for 5 s along the luminal surface. Using this approach
the basal membrane of the surface airway epithelium is not pene-
trated, i.e., the underlying lamina propria remained intact [44].
Likewise, rubbing of the intestinal surface removed tips of villi
only, the lamina muscularis mucosae with the underlying choliner-
gic submucosal plexus remained intact [44]. Corresponding sam-
ples can be taken from the lung surface (pulmonary pleura) or
from the surface epithelium of oral and vaginal mucosa of volun-
teers [44]. After rubbing, the cotton-part of the applicator is placed
in 1 mlice-cold 15 % formic acid in acetone (v/v) for 30 min with
intermittent vortexing. This medium mediates cell lysis and inacti-
vates all enzymes immediately. Thereafter, the cotton is removed
and the medium evaporated to dryness by a smooth nitrogen jet.

Likewise, tissue can be pulverized by means of liquid nitrogen
and placed in 1 mlice-cold 15 % formic acid in acetone (v/v). After
standing on ice (30 min) with repeated vortexing, the samples

<

Fig. 1 (continued) sample using the esterase-packed analytical column; the first acetylcholine peak disappears.
(b) 40 ml of a concentrate of human platelets were centrifuged and the pellet was analyzed as described above
under a; the huge choline peak may be caused by activation of platelets by the separation procedure
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can be centrifuged (10 min; 4000 rpm), and the supernatant is
evaporated to dryness by a smooth gas jet of nitrogen. This will
take about 30 min and within that time samples can again be placed
on ice to prevent spontaneous hydrolysis of acetylcholine. The
dried sample is resuspended in 300-1000 pl of the mobile phase of
the HPLC system (70 mM phosphate buffer with 0.3 mM EDTA;
pH 8.5 adjusted). The principle of the detection of acetylcholine
by HPLC and the use of bioreactors and electrochemical detection
is described above. The use of microbore columns is helpful bec-
ause the flow-front of H,O, originating from conversion of acetyl-
choline to choline and betaine is concentrated and then, can
produce a measurable current at the working electrode. Moreover,
the enzymatic reaction acts as an amplifier, because 1 mol acetyl-
choline produces 2 mol H,0O,. It is difficult to use internal standard,
therefore acetylcholine content has to be quantified by comparison
with external acetylcholine standard which is measured before and
after an individual sample.

In the following sections examples are given of the detection
of non-neuronal acetylcholine, in which acetylcholine is either
measured directly or the expression of one of the synthesizing
enzymes is shown. Acetylcholine can be synthesized by choline
acetyltransferase (ChAT) or carnitine acetyltransferase (CarAT).
Both enzymes have been found to mediate the synthesis of non-
neuronal acetylcholine, for example, in plants but also in verte-
brates and invertebrates [6, 22, 46—48].

3 Detection of Acetylcholine in So-Called Primitive Organisms Generated

Very Early on the Evolutionary Time Scale

Bacteria are regarded as one of the first forms of life on earth, aris-
ing about four billion years ago; also archaea represent prokaryotic
microorganisms and are thought to have populated the earth about
three billion years ago. Using a radioimmunoassay or HPLC com-
bined with electrochemical detection acetylcholine has been
detected in bacteria and archaea (see Table 1). An acetylcholine-
synthesizing activity has been isolated from extracts of bacteria or
archaea, but the properties differ from the mammalian ChAT
enzyme. The function of acetylcholine in these microorganisms is
unknown so far. However, bacteria show locomotion and it has
been shown that motility of two photosynthetic bacteria (Rhodo-
spivillum rubrum, Thiospivillum jenense) was stopped by 1 mM
atropine, an antagonist of muscarinic receptors. Furthermore, phy-
sostigmine and other cholinesterase inhibitors also reduced motil-
ity [49]. It is probable that the system became desensitized in the
presence of cholinesterase inhibitors. Table 1 gives an overview
about the presence of acetylcholine in prokaryotic microorganisms
and unicellular eukaryotic organisms as well as in fungi and lower
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plants, i.e., in biological systems (including the gill plates of
mussels) not regulated by neurons. All these biological systems are
created very early during evolution.

4 Detection of Acetylcholine in the Plant Kingdom

Table 2 gives an overview of the expression of acetylcholine in the
plant kingdom, i.e., multiple examples for the expression of acetyl-
choline independent of any existing neuronal system. Obviously,
acetylcholine is expressed in lower and higher plants. It seems
inevitable that the list will be enlarged in the future. One has to
consider that our knowledge about the biological function of ace-
tylcholine is very scanty, and a systematic analysis of the expression
and biological role of acetylcholine within the plant kingdom is
lacking. Reports have indicated that the synthesis of acetylcholine
in plants may be regulated by light [50]. One very interesting obser-
vation is that the acetylcholine content is very high in rapid grow-
ing plants like bamboo, helianthus and Urtica dioica. Moreover, it
has been shown that at least in Urtica dioica acetylcholine is invol-
ved in the regulation of water homeostasis and photosynthesis [24].
Particularly, 1 pM atropine reduced the intracellular space, the cell
vacuole, and cell size and mediated proliferation of the thylakoid
membrane [24, 34]. In conclusion, also in the plant kingdom
binding sites for acetylcholine exist, which can be blocked by
atropine.

5 Detection of Acetylcholine or Positive Anti-ChAT Immunoreactivity
in Mammalian Non-neuronal Cells

To demonstrate the existence of non-neuronal acetylcholine in
mammalian cells without any doubt, a contamination of neuronal
acetylcholine has to be excluded in the respective samples. Thus, it
has to be shown conclusively that acetylcholine is synthesized by
cells not innervated at all by neurons and that these cells/tissues
cannot take up acetylcholine which may be released from possible
adjacent neurons. The following findings demonstrate without any
doubt that isolated cells or tissue which lacks any cholinergic inner-
vation synthesize and release acetylcholine:

(a) Acetylcholine synthesis has been demonstrated in various
cultured cells (keratinocytes, airway epithelial cells, and cardio-
myocytes) and cell lines like leukemic T-cells (MOLT-3),
embryonic stem cells (CGRS), colon (Caco-2; H508) or lung
(H82) cancer cell lines [26, 51-60]. All these cultured cells are
free of any neuronal input. Release of acetylcholine was demon-
strated also from cultured bovine arterial endothelial cells [61].
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Family Genus, Species Amount References
Amaranthaceae  Spinacia Spinacia oleracen ~3-7 nmol/g [21, 50]
Anthophyta Arabidopsis Arabidopsis thaliana 23.7 pmol/g [22]
Eggplant Solanum melongena 416 nmol/g
Bamboo shoot Phyllostachys bambusoides 2.9 pmol/g
Phyllostachys pubescens 0.6-1.7 pmol /g
Apocynaceae Amsonia Amsonia angustifolin [82]
Araceae Arum Arum specificum, Arum ~1.8 nmol/g [24]
maculatum
Asteraceae Helianthus Helianthus annuus 3-8 umol/g [21, 50]
Senecio Senecio vulgaris ~6.5 nmol/g
Brassicaceae Capsella Capsella bursa-pastoris ~4.8 nmol/g [24]
Sinapis Sinapis alba
Bryophyta Moss Conocephalum conicum 0.03-8.0 nmol/g [22, 24, 50, 83]
Polytrichum, Brachythecinm
Coniferophyta Cedar Cryptomeria japonica 120-343 pmol/g [50]
Hinoki Chamaecyparis obtuse
Pine Pinus thunberyii
Podocarp Podocarpus macrophyllus
Cucurbitales Cucurbita Cucurbita pepo 3-10 nmol/g [84]
Fabaceae Phaseolus Phaseolus vulgaris, Phaseolus ~100 ng/g [50, 85]
anrens 1-8 nmol/g
Pisum Pisum sativum
Moraceae Malayan jack-fruit Artocarpus integra 564 pg/g [84]
Plantaginaceae Digitalis Digitalis ferruginen 1.6 mg/50 g [86]
pulverized leaves
Pterophyta Fern Pteridium, Gleichenia glanca 0.07-1.6 nmol/g [22]
Rosaceae Fragaria Fragaria vesca ~5.4 nmol/g [24, 87]
Crataegus Crataegus specificus
Sphenophyta Horsetail Equisetum arvense 38 pmol/g [22,24]
Equisetum robustum ~2.8 nmol/g
Urticaceae Urtica Urtica dioica ~0.5 pmol/g [24, 88, 89]
Girardinia heterophylin Fig. 1la

(b) Cultured epithelial cells isolated from the airways of monkeys
release acetylcholine into the supernatant [62]. In organic-
cation-transporter knockout mice, i.e., a condition limiting the
release of non-neuronal acetylcholine, airway epithelial acetyl-
choline content was doubled, which indicates an in vivo release
of'acetylcholine from these cells [63, 64]. Likewise, the release of
non-neuronal acetylcholine becomes evident by the inhibitory
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effect of nicotine receptor antagonists on the migration of cultured
airway epithelial cells [65].

(c) The placenta of various species (human, monkey, cow, rabbit,
rat, mouse), an organ free of cholinergic neurons, synthesizes,
stores and releases acetylcholine [6, 15, 66-70].

(d) ChAT mRNA and ChAT protein have been demonstrated in
most of these cells.

(e) In vivo release of acetylcholine from human skin has been
demonstrated by dermal microdialysis. Botulinum toxin blocks
neuronal acetylcholine release but does not inhibit acetylcho-
line release from the human skin [45].

In conclusion, convincing experimental data have been pub-
lished since the third decade of the last century about the presence
of non-neuronal acetylcholine in mammalian cells. Nevertheless, in
the following decades the scientific community has focussed more
or less exclusively on the role of neuronal acetylcholine in the brain
and peripheral nervous system. Possibly, the brain and neurons
may have drawn more attraction than apparently less specified
non-neuronal cells, although the regulation and communication of
these cells and their respective networks is already extremely com-
plex. It is fascinating that epithelial or immune cells communicate
by the same molecules and cholinergic receptors as do neurons in
the brain. Both, the specific cholinesterase and the pseudocholin-
esterase, play an important role to clearly separate both systems
(non-neuronal vs. neuronal) in vivo. This is operating because
specific cholinesterase represents the enzyme with the highest
turnover rate created by nature and because of the abundant
presence of both enzymes in mammalian organisms thus limiting
neuronal acetylcholine to act at hot spots only.

Table 3 gives an overview about the expression of non-neuronal
acetylcholine in various mammalian cells. Accordingly, acetylcho-
line has been detected directly after extraction from these cells/
tissues or positive anti-choline acetyltransferase (ChAT) immuno-
reactivity has been found. However, in the case of using the method
of immunohistochemistry alone some caution is required, because
false positive staining has been found with antibodies directed
against muscarinic receptors in corresponding knockout mice [71].

When non-neuronal acetylcholine is released and present
in the extracellular space or plasma [26], it will diffuse in close
proximity to its source but also to neighboring cells, because in
principle the expression level of cholinesterase activity is lower
in non-innervated than in innervated cells. For example release of
acetylcholine from the isolated placenta can be measured without
preceding inhibition of cholinesterase [6, 70]. Consequently, non-
neuronal acetylcholine can mediate autocrine and paracrine effects
by stimulating muscarinic and nicotinic receptors which are ubiq-
uitously expressed in the majority of cells (for review see ref. [33]).
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6 Conclusion

References

Research early and late in the last century has substantially broad-
ened our understanding of the role of acetylcholine and the cholin-
ergic system, i.e., choline uptake, synthesizing enzymes, muscarinic
and nicotinic receptors, and the inactivating enzymes. This system
has been created extremely early on the evolutionary time scale
(about three to four billion years ago). Thus, it is not surprising to
detect the cholinergic system in plants, unicellular organisms and
in more or less all mammalian cells independently of neurons.
Neurons have become specialized cells prepared for signaling
on the milliseconds time scale. Therefore, neurons have taken an
advantage of the already established cholinergic signaling system
and have further specialized this system during evolution: storing
in specialized organelles (vesicles), triggering vesicular release,
establishing of hot spots for nicotinic receptors and acetylcholines-
terase. In contrast, the non-neuronal cholinergic system does not
mediate cellular communication on the millisecond time scale
but establishes a variable cholinergic tone to co-regulate basic
cell functions like proliferation, differentiation, cell—cell contact,
secretion, and absorption. For example, acetylcholine via musca-
rinic receptors causes an increase of intracellular calcium within
seconds but not within milliseconds [58]. It is important to learn
more about the physiological and pathophysiological role of non-
neuronal acetylcholine and the non-neuronal cholinergic system.
Recent articles have described an important role of the non-neuronal
cholinergic system in different diseases [30, 72-77]. Particularly,
chronic airway diseases (COPD and bronchial asthma) have been
identified to be treated with long acting muscarinic receptor antag-
onists (aclidinium, glycopyrronium, tiotropium) to induce thera-
peutic effects beyond bronchodilation. In animal models provoking
COPD or asthma these receptor antagonists have been shown
to reduce airway inflammation and airway remodeling by suppress-
ing cellular effects of non-neuronal acetylcholine [78]. Moreover,
intensive research is required to further illuminate the pathophysi-
ological role of the non-neuronal cholinergic system in other
inflammatory diseases, cancer, and heart diseases.

1. http://en.wikipedia.org/wiki/Acetylcholine. in biological systems: expression and function in

Accessed 18 Jan 2015
2. Liebreich O (1864)

humans. Pharmacol Ther 77(1):59-79
Uber die chemische 5. Wessler I et al (1999) The cholinergic “pitfall’:

Beschaffenheit der Gehirnsubstanz. Ann Chem acetylcholine, a universal cell molecule in bio-

Pharm 54:29-44 logical systems, including humans. Clin Exp
3. Bayer A (1867) Synthese des Neurins. Ann Pharmacol Physiol 26(3):198-205

Chem Pharm 140:306-313 6. Sastry BV, Sadavongvivad C (1978) Cholinergic
4. Wessler I et al (1998) Non-neuronal acetylcho- systems in non-nervous tissues. Pharmacol Rev

line, a locally acting molecule, widely distributed 30(1):65-132


http://en.wikipedia.org/wiki/Acetylcholine

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

. Dale HH (1914) The action of certain esters

and ethers of choline and their relation to mus-
carine. ] Pharmacol Exp Ther 6:147-190

. Ewins AJ (1914) Acetylcholine, a new active

principle of ergot. Biochem J 8:44—49

. Loewi O (1921) Uber humorale Ubertrag-

barkeit der Herznervenwirkung. Pliigers Arch
189:239-242

Loewi O, Navratil E (1926) Uber humorale
Ubertragbarkeit der Herznervenwirkung. X.
Uber das Schicksal des Vagusstoff. Pflugers
Arch Ges Physiol 214:678-688

Whittaker VP (1963) Identification of acetyl-
choline and related esters of biological origin.
In: Eichler O, Farah A, Koelle GB (eds) Hand-
buch der experimentellen Pharmakologie, vol
15. Springer, Berlin, pp 1-39

Koelle G (1963) Cytological distributions and
physiological functions of cholinesterases. In:
Eichler O, Farah A, Koelle G (eds) Handbuch
der experimentellen Pharmakologie, vol 15.
Springer, Berlin, pp 187-298

Dale HH, Dudley HW (1929) The presence of
histamine and acetylcholine in the spleen of the
ox and the horse. J Physiol 68(2):97-123

Beyer G, Wense UT (1936) Uber den Nachweis
von Hormonen in einzelligen Tieren: Cholin
und Acetylcholin in Paramecium. Pliigers Arch
Gesamte Physiol Menschen Tiere 237:
417-422

Comline RS (1946) Synthesis of acetylcholine
by non-nervous tissue. J Physiol (Lond) 105:
6P-7P

Biilbring E, Burn JH, Shelley HJ (1953)
Acetylcholine and ciliary movement in the gill
plate of Mytilus edulis. Proc R Soc Lond B Biol
Sci 141:445-466

Lentz TL (1966) Intramitochondrial glycogen
granules in digestive cells of Hydra. J Cell Biol
29(1):162-167

Erzen I, Brzin M (1979) Cholinergic mecha-
nisms in Planaria torva. Comp Biochem
Physiol 64C:207-216

Stephenson M, Rowatt E (1947) The produc-
tion of acetylcholine by a strain of Lactobacillus
plantarum. ] Gen Microbiol 1(3):279-298
Fischer H (1971) Vergleichende Pharmakologie
von Ubertrigersubstanzen in tiersystematischer
Darstellung. In: Eichler O, Farah A, Herken H,
Welch A (eds) Handbuch der experimentellen
Pharmakologie. Springer, Berlin

. Smallman BN, Maneckjee A (1981) The syn-

thesis of acetylcholine by plants. Biochem ]
194(1):361-364

Horiuchi Y et al (2003) Evolutional study
on acetylcholine expression. Life Sci 72(15):
1745-1756

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Detection of Non-neuronal ACh 217

Grando SA (1997) Biological functions of
keratinocyte cholinergic receptors. ] Investig
Dermatol Symp Proc 2(1):41-48

Wessler I et al (2001) The biological role of
non-neuronal acetylcholine in plants and
humans. Jpn J Pharmacol 85(1):2-10

Wessler I et al (2003) The non-neuronal cho-
linergic system in humans: expression, function
and pathophysiology. Life Sci 72(18-19):
2055-2061

Kawashima K, Fujii T (2000) Extraneuronal
cholinergic system in lymphocytes. Pharmacol
Ther 86(1):29-48

Kawashima K, Fujii T (2004) Expression of
non-neuronal acetylcholine in lymphocytes
and its contribution to the regulation of
immune function. Front Biosci 9:2063-2085

Eglen RM (2006) Muscarinic receptor sub-
types in neuronal and non-neuronal choliner-
gic function. Auton Autacoid Pharmacol
26(3):219-233

Grando SA et al (2006) Adrenergic and cholin-
ergic control in the biology of epidermis: phys-
iological and clinical significance. ] Invest
Dermatol 126(9):1948-1965

Grando SA et al (2007) Recent progress in
understanding the non-neuronal cholinergic sys-
tem in humans. Life Sci 80(24-25):2181-2185

Kummer W et al (2008) The epithelial cholin-
ergic system of the airways. Histochem Cell
Biol 130(2):219-234

Kurzen H et al (2007) The non-neuronal cho-
linergic system of human skin. Horm Metab
Res 39(2):125-135

Wessler I, Kirkpatrick CJ (2008) Acetylcholine
beyond neurons: the non-neuronal cholinergic
system in humans. Br ] Pharmacol 154(8):
1558-1571

Wessler I, Kirkpatrick CJ (2012) Activation
of muscarinic receptors by non-neuronal acetyl-
choline. Handb Exp Pharmacol 208:469-491
Kawashima K, Fujii T (2008) Basic and clinical
aspects of non-neuronal acetylcholine: over-
view of non-neuronal cholinergic systems and
their biological significance. J Pharmacol Sci
106(2):167-173

Grando S, Kawashima K, Kirkpatrick C, Wessler
I (eds) (2003) Proceedings of the st interna-
tional symposium on non-neuronal acetylcho-
line. Life Sci, vol 72 (18-19), pp 2009-2182
Grando S, Kawashima K, Kirkpatrick C, Wessler
I (eds) (2007) Proceedings of the 2nd interna-
tional symposium on non-neuronal acetylcho-
line. Life Sci, vol 80 (24-25), pp 2181-2396
Grando S, Kawashima K, Kirkpatrick C, Meurs
H, Wessler I (eds) (2012) Proceedings of the
3rd international symposium on non-neuronal



218

39

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

isolated airways of rat, guinea pig, and human:
species differences in role of airway mucosa.
Am J Physiol 270(5):L722-1.728

Ignaz Karl Wessler and Charles James Kirkpatrick
acetylcholine. Life Sci, vol 91 (21-22), 53. Fujii T et al (1998) Induction of choline acet-
pp 969-1137 yltransferase mRNA in human mononuclear
. Kilbinger H (1973) Gas chromatographic leukocytes stimulated by phytohemagglutinin,
estimation of acetylcholine in the rabbit heart a T-cell activator. J Neuroimmunol 82(1):
using a nitrogen selective detector. ] Neurochem 101-107
21(2):421-429 54. Kawashima K, Fujii T (2003) The lympho-
Israel M, Lesbats B (1981) Chemiluminescent cytic cholinergic system and its biological
determination of acetylcholine, and continu- function. Life Sci 72(18-19):2101-2109
ous detection of its release from torpedo elec- 55. Paraoanu LE et al (2007) Expression and pos-
tric organ synapses and synaptosomes. sible functions of the cholinergic system in a
Neurochem Int 3(1):81-90 murine embryonic stem cell line. Life Sci
Potter PE et al (1983) Acetylcholine and cho- 80(24-25):2375-2379
line in neuronal tissue measured by HPLC 56. Cheng K et al (2008) Acetylcholine release
with electrochemical detection. J Neurochem by human colon cancer cells mediates auto-
41(1):188-194 crine stimulation of cell proliferation. Am J
Kawashima K et al (1980) Radioimmunoassay Physiol Gastrointest Liver Physiol 295(3):
for acetylcholine in the rat brain. ] Pharmacol G591-G597
Methods 3(2):115-123 57. Song P et al (2003) Acetylcholine is synthe-
Takahashi T et al (2014) Non-neuronal acetyl- sized by and acts as an autocrine growth fac-
choline as an endogenous regulator of prolifer- tor for small cell lung carcinoma. Cancer Res
ation and differentiation of Lgr5-positive stem 63(1):214-221
cells in mice. FEBS J 281(20):4672-4690 58. Song P et al (2007) M3 muscarinic receptor
Klapproth H et al (1997) Non-neuronal ace- antagonists inhibit small cell lung carcinoma
tylcholine, a signalling molecule synthesized growth and mitogen-activated protein
by surface cells of rat and man. Naunyn kinase phosphorylation induced by acetyl-
Schmiedebergs Arch Pharmacol 355(4): choline secretion. Cancer Res 67(8):
515-523 3936-3944
Schlereth T et al (2006) In vivo release of ~ 59. Kakinuma Y et al (2009) Cholinoceptive and
non-neuronal acetylcholine from the human cholinergic properties of cardiomyocytes
skin as measured by dermal microdialysis: involving an amplification mechanism for
effect of botulinum toxin. Br J Pharmacol vagal efferent effects in sparsely innervated
147(2):183-187 ventricular myocardium. FEBS ] 276(18):
White HL, Cavallito CJ (1970) Inhibition of 5111-5125
bacterial and mammalian choline acetyltrans- 60. Wessler I et al (2012) Release of acetylcholine
ferases by styrylpyridine analogues. J Neuro- from murine embryonic stem cells: effect of
chem 17(11):1579-1589 nicotinic and muscarinic receptors and block-
White HL, Wu JC (1973) Choline and carni- ade of organic cation transporter. Life Sci
tine acetyltransferases of heart. Biochemistry 91(21-22):973-976
12(5):841-846 61. Kawashima K et al (1990) Synthesis and
Yamada T et al (2005) Expression of acetyl- release of acetylcholine by cultured bovine
choline (ACh) and ACh-synthesizing activity arterial endothelial cells. Neurosci Lett
in Archaea. Life Sci 77(16):1935-1944 119(2):156-158
Faust MA, Doetsch RN (1971) Effect of  02. Proskocil BJ et al (2004) Acetylcholine is an
drugs that alter excitable membranes on autocrine or paracrine hormone synthesized
the motility of Rhodospirillum rubrum and and secreted by airway bronchial epithelial
Thiospirillum jenense. Can ] Microbiol 17(2): cells. Endocrinology 145(5):2498-2506
191-196 63. Kummer W et al (2006) Role of acetylcholine
Hartmann E, Kilbinger H (1974) Gas-liquid- and muscarinic receptors in serotonin-induced
chromatographic determination of light- bronchoconstriction in the mouse. ] Mol
dependent acetylcholine concentrations in Neurosci 30(1-2):67-68
moss callus. Biochem J 137(2):249-252 64. Kummer W et al (2006) Role of acetylcholine
Grando SA et al (1993) Human keratinocytes and polyspecific cation transporters in
synthesize, secrete, and degrade acetylcho- serotonin-induced bronchoconstriction in the
line. J Invest Dermatol 101(1):32-36 mouse. Respir Res 7:65. doi:10.1186,/1465
Reinheimer T et al (1996) Acetylcholine in -9921-7-65

. Tournier JM et al (2006) alpha3alpha5beta2-

Nicotinic acetylcholine receptor contributes to
the wound repair of the respiratory epithelium


http://dx.doi.org/10.1186/1465-9921-7-65
http://dx.doi.org/10.1186/1465-9921-7-65

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

by modulating intracellular calcium in migrating
cells. Am J Pathol 168(1):55-68

Bischoft C et al (1932) Acetylcholin im
Warmbliiter. 4. Mitteilung. Hoppe Seyler’s Z
Physiol Chem 207:57-77

Haupstein P (1932) Acetylcholin in der
menschlichen Placenta. Arch Gynackol 152:
262-280

Chang HC, Gaddum JH (1933) Choline
esters in tissue extracts. J Physiol 79(3):
255-285

Olubadewo JO, Rama Sastry BV (1978)
Human  placental  cholinergic  system:
stimulation-secretion coupling for release of
acetylcholine from isolated placental villus.
J Pharmacol Exp Ther 204(2):433-445
Wessler I etal (2001) Release of non-neuronal
acetylcholine from the human placenta: dif-
ference to neuronal acetylcholine. Naunyn
Schmiedebergs Arch Pharmacol 364(3):
205-212

Jositsch G et al (2009) Suitability of musca-
rinic acetylcholine receptor antibodies for
immunohistochemistry evaluated on tissue
sections of receptor gene-deficient mice.
Naunyn Schmiedebergs Arch Pharmacol
379(4):389-395

Grando SA et al (2012) The non-neuronal
cholinergic system: basic science, therapeutic
implications and new perspectives. Life Sci
91(21-22):969-972

Spindel ER (2012) Muscarinic receptor ago-
nists and antagonists: effects on cancer.
Handb Exp Pharmacol 208:451-468

Grando SA (2014) Connections of nicotine
to cancer. Nat Rev Cancer 14(6):419-429
Beckmann J, Lips KS (2013) The non-
neuronal cholinergic system in health and dis-
ease. Pharmacology 92(5-6):286-302

Roy A et al (2014) Cholinergic activity as a
new target in diseases of the heart. Mol Med.
d0i:10.2119 /molmed.2014.00125

Kistemaker LE, Gosens R (2014) Acetylcholine
beyond bronchoconstriction: roles in inflam-
mation and remodeling. Trends Pharmacol Sci.
doi:10.1016/j.tips.2014.11.005

Kistemaker LE et al (2012) Regulation of
airway inflammation and remodeling by mus-
carinic receptors: perspectives on anticholin-
ergic therapy in asthma and COPD. Life Sci
91(21-22):1126-1133

Lembeck F, Schraven E (1964) The effect of
hemicholinium No. 3 on acetylcholine forma-
tion in Lactobacillus arabinosus. Naunyn
Schmiedebergs Arch Exp Pathol Pharmakol
247:93-99

Biilbring E, Lourie EM, Pardoe U (1949)
Presence of acetylcholine in Trypanosoma

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Detection of Non-neuronal ACh 219

rhodesiense and its absence from Plasmodium
gallinaceum. Br ] Pharmacol 4:290-294

Miinch M et al (1996) Non-neuronal acetyl-
choline in plants, rodents and man. Naunyn
Schmiedebergs Arch Pharmacol (Suppl)
354:R6

Tomczyk H (1964) Pharmacobotanical stud-
ies of Amsonia angustifolin. 11. Phytochemical
studies. Diss Pharm 16:297-310

Hartmann E (1971) Evidence of a neurohor-
mone in moss callus and its regulation by the
phytochrome. Planta 101(2):159-165

Lin RCY (1955) Presence of acetylcholine
in the Malayan jack-fruit, Artocarpus integra.
Br J Pharmacol Chemother 10(2):247-253
Jafte MJ (1970) Evidence for the regulation
of phytochrome-mediated processes in bean
roots by the neurohumor, acetylcholine. Plant
Physiol 46(6):768-777

Tulus MR et al (1961) Choline and acetyl-
choline in the leaves of Digitalis ferruginea
L. Arch Pharm 294(66):11-17

Fiedler U et al (1953) Further constituents of
the hawthorn: detection of choline and
acetylcholine. Arzneimittelforschung 3(8):
436437

Emmelin N, Feldberg W (1949) Distribution
of acetylcholine and histamine in nettle plants.
New Phytol 48:143-148

Saxena PR et al (1966) Identification of acetyl-
choline, histamine, and 5-hydroxytryptamine
in Girardinia heterophylla (Decne.). Can J
Physiol Pharmacol 44(4):621-627

Von Briicke H et al (1949) Azetylcholin- und
Aneuringehalt der Hornhaut und seine Bezie-
hungen zur Nervenversorgung. Ophthal-
mologica 117(1):19-35

Van Alphen GW (1957) Acetylcholine syn-
thesis in corneal epithelium. AMA Arch
Ophthalmol 58(3):449-451

Welsch F (1974) Choline acetyltransferase in
aneural tissue: evidence for the presence of
the enzyme in the placenta of the guinea pig
and other species. Am J Obstet Gynecol
118(6):849-856

Bishop MR et al (1976) Occurrence of cho-
line acetyltransferase and acetylcholine and
other quaternary ammonium compounds in
mammalian spermatozoa. Biochem Phar-
macol 25(14):1617-1622

Bishop MR et al (1977) Identification of
acetylcholine and propionylcholine in bull
spermatozoa by integrated pyrolysis, gas
chromatography and mass spectrometry.
Biochim Biophys Acta 500(2):440—444
Wessler I et al (2003) Increased acetylcholine
levels in skin biopsies of patients with atopic
dermatitis. Life Sci 72(18-19):2169-2172


http://dx.doi.org/10.2119/molmed.2014.00125
http://dx.doi.org/10.1016/j.tips.2014.11.005

220

96

97

98

99

100.

101.

102.

103.

104.

105.

Ignaz Karl Wessler and Charles James Kirkpatrick

. Nguyen VT et al (2000) Choline acetyltrans-
ferase, acetylcholinesterase, and nicotinic ace-
tylcholine receptors of human gingival and
esophageal epithelia. J Dent Res 79(4):
939-949

. Fritz S et al (2001) Expression of muscarinic
receptor types in the primate ovary and evidence
for nonneuronal acetylcholine synthesis. J Clin
Endocrinol Metab 86(1):349-354

. Yoshida M et al (2004) Management of
detrusor dysfunction in the elderly: changes
in acetylcholine and adenosine triphosphate
release during aging. Urology 63(3 Suppl 1):
17-23

. Yoshida M et al (2006) Non-neuronal cholin-

ergic system in human bladder urothelium.

Urology 67(2):425-430

Hanna-Mitchell AT et al (2007) Non-

neuronal acetylcholine and urinary bladder

urothelium. Life Sci 80(24-25):2298-2302

Lips KS et al (2007) Acetylcholine and molec-
ular components of its synthesis and release
machinery in the urothelium. Eur Urol 51(4):
1042-1053

Kirkpatrick CJ et al (2001) The non-neuronal
cholinergic system in the endothelium: evi-
dence and possible pathobiological signifi-
cance. Jpn J Pharmacol 85(1):24-28

Kawashima K et al (1993) Presence of acetyl-
choline in blood and its localization in circu-
lating mononuclear leucocytes of humans.
Biog Amines 9(4):251-258

Kawashima K et al (1998) Acetylcholine
synthesis and muscarinic receptor subtype
mRNA expression in T-lymphocytes. Life Sci
62(17-18):1701-1705

Fujii T et al (1996) Localization and synthesis
of acetylcholine in human leukemic T cell
lines. J Neurosci Res 44(1):66-72

106.

107.

108.

109.

110.

111.

112.

113.

114.

Wessler T et al (1997) Day-night rhythm of
acetylcholine in the rat pineal gland. Neurosci
Lett 224(3):173-176

Wessler I et al (2013) Upregulated acetylcho-
line synthesis during early differentiation in
the embryonic stem cell line CGR8. Neurosci
Lett 547:32-36

Hamann M et al (1995) Synthesis and release
of an acetylcholine-like compound by human
myoblasts and myotubes. ] Physiol 489
(Pt 3):791-803

Wessler I, Kirkpatrick CJ (2001) The non-
neuronal cholinergic system: an emerging
drug target in the airways. Pulm Pharmacol
Ther 14(6):423-434

Danielson P et al (2007) Extensive expres-
sion of markers for acetylcholine synthesis
and of M2 receptors in tenocytes in therapy-
resistant chronic painful patellar tendon ten-
dinosis—a pilot study. Life Sci 80(24-25):
2235-2238

DanielsonPetal (2006) Immunohistochemical
and histochemical findings favoring the occur-
rence of autocrine /paracrine as well as nerve-
related cholinergic effects in chronic painful
patellar tendon tendinosis. Microsc Res Tech
69(10):808-819

Rana OR et al (2010) Acetylcholine as an age-
dependent non-neuronal source in the heart.
Auton Neurosci 156(1-2):82-89

Rocha-Resende C et al (2012) Non-neuronal
cholinergic machinery present in cardiomyo-
cytes offsets hypertrophic signals. ] Mol Cell
Cardiol 53(2):206-216

En-Nosse M et al (2009) Expression of
non-neuronal cholinergic system in osteo-
blast-like cells and its involvement in
osteogenesis. Cell Tissue Res 338(2):
203-215



	Chapter 11: Detection of Non-neuronal Acetylcholine
	1 Introduction
	2 Detection Methods for Acetylcholine
	3 Detection of Acetylcholine in So-Called Primitive Organisms Generated Very Early on the Evolutionary Time Scale
	4 Detection of Acetylcholine in the Plant Kingdom
	5 Detection of Acetylcholine or Positive Anti-ChAT Immunoreactivity in Mammalian Non-neuronal Cells
	6 Conclusion
	References


