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Preface

This book, Acetylcholine – Recent Advances and New Perspectives, comes more than 
100 years after the discovery of acetylcholine as a neurotransmitter in 1921 by Otto 
Loewi. Since then, the study of this neurotransmitter has been a magnificent chronicle 
in terms of its chemistry, biochemistry, function in the central and peripheral nervous 
system, and its relevance for neurological disorders and diseases. To this day, the study 
of acetylcholine and its receptors astounds us with novel features and exciting news. 
This book focuses on the role of this neurotransmitter in the physiology of individual 
neurons as well as in neural circuits and specific brain regions. It illustrates acetylcho-
line in all its dimensions, from historical perspectives to technological advances, as well 
as the use of novel tools in health and disease, in various animal models and organ-
isms related to this critical neurotransmitter. Targeted at students and researchers in 
biological, chemical, medical and history disciplines, this book provides an overview 
of the work that is being done on this key signaling molecule of the nervous system and 
brain and highlights any gaps and areas that would benefit from further exploration.

The book is organized into two sections. Section 1, “Acetylcholine, Receptors and 
Diseases”, includes five chapters. Section 2 “Acetylcholine Esterase, Neurotoxin”, 
includes two chapters.

Chapter 1, “Introductory Chapter: The Neurotransmitter Acetylcholine – A Young 
Centenarian” by Thomas Heinbockel, outlines the events leading to the discovery 
of acetylcholine as a neurotransmitter and the role that Otto Loewi and Henry Dale 
played in its discovery.

In Chapter 2, “Avian Muscarinic Receptors: An Update”, Presannan Usha Aswathy, 
Suresh Narayanan Nair, Basavapura Mahadevappa Sanjay and Sanis Juliet take the 
reader to the world of birds. The authors review the distribution of avian muscarinic 
receptor subtypes, the characterization of muscarinic acetylcholine receptors in vari-
ous organs and organ systems, and the sequence similarity of muscarinic acetylcholine 
receptor subtypes between various birds and animals.

Chapter 3, “Central Nicotinic and Muscarinic Receptors in Health and Disease” 
by Yousef Tizabi, Bruk Getachew, Vassiliy Tsytsarev, Antonei B. Csoka, Robert L. 
Copeland and Thomas Heinbockel, provides a detailed account of the interaction of 
nicotinic and muscarinic acetylcholine receptors. Following a brief description of 
acetylcholine actions and its central circuitry, the authors give an update on mus-
carinic and nicotinic acetylcholine receptors and how their interaction may impact 
neuropsychiatric and neurodegenerative diseases. Finally, the authors touch upon 
potential novel therapeutic interventions based on these interactions, particularly in 
relation to Alzheimer and Parkinson disease.

Chapter 4, “Modes of Acetylcholine Signaling in the Prefrontal Cortex: Implications for 
Cholinergic Dysfunction and Disorders” by Matthew Fecik and Lisa M. Savage, reviews 
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the current views on the functional role of phasic versus tonic cholinergic signaling, 
the contributions of acetylcholine receptors, hydrolysis, and basal forebrain anatomy. 
The authors also examine the implications of these factors in acetylcholine signaling in 
terms of cholinergic circuit dysfunction that occurs in neurodegenerative diseases.

In Chapter 5, “Role of Acetylcholine in Chronic Diseases”, Vandana Mohan, Dhirender 
Kaushik and Komal Arora provide a brief overview of acetylcholine, including its 
synthesis and degradation, the cholinergic system, and the influence of acetylcholine 
on different chronic diseases, including neurological complications, metabolic dis-
orders, cardiac diseases, and immune disorders. The authors review the mechanistic 
approach of acetylcholine in different diseases and the therapies for recovering the 
levels of acetylcholine.

In Chapter 6, “Paraoxonase in Nervous System”, Mohit Vijay Rojekar, Kaushalraj 
Sunil Dandegonker and Swati Ghanghurde address the paraoxonase (PON) family, 
which consists of three enzymes that are anti-oxidative. Any dysfunction in their 
action can play a role in the pathobiology of diseases that have a chronic inflamma-
tory component. Relevant to this book, the PON family interacts with acetylcholine 
esterase (AChE), and PONs degrade the inhibitors of AChE, which can affect the 
prognosis of the treatment of Alzheimer disease by inhibitors of organophosphates.

In Chapter 7, “Neurotoxin Decontamination”, Dongmei Ye and Susan Rempe discuss 
how nerve agents, a group of organophosphorus (OP) compounds, are potent neuro-
toxins used as chemical warfare agents and insecticides. OP nerve agents disrupt the 
CNS by inhibiting AChE function. The authors discuss strategies to counter OP agents 
using organophosphorus hydrolase (OPH), a bacterial enzyme that can detoxify a 
wide range of OP agents. In their studies, the authors optimized OPH by incorporating 
selected unnatural amino acids into OPH, with mutations targeting both active and 
allosteric binding sites.

I am grateful to IntechOpen for initiating this book project and for asking me to serve 
as its editor. Many thanks go to Maja Bozicevic at IntechOpen for guiding me through 
the publication process and for moving the book ahead in a timely fashion. Thanks 
are due to all contributors to this book for taking the time to first write their chapter 
proposals, compose their chapters, and make the requested revisions. Hopefully, all 
contributors will continue their research with many intellectual challenges and excit-
ing new directions. I would like to thank my wife Dr. Vonnie D.C. Shields, associate 
dean and professor, Towson University, MD, USA, and our son Torben Heinbockel for 
the time that I was able to spend working on this book project during the past year. 
Finally, I am grateful to my parents Erich and Renate Heinbockel for their continuous 
support and interest in my work over many years.

Thomas Heinbockel, Ph.D.
Department of Anatomy,

Howard University College of Medicine,
Washington, DC, USA
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Chapter 1

Introductory Chapter:  
The Neurotransmitter 
Acetylcholine – A Young 
Centenarian
Thomas Heinbockel

1. Introduction

If you are fortunate enough to grow in age and turn 100 years old, you are a 
centenarian. That is the term used for those human folks who are 100 years or older. 
The term is not typically applied to neurotransmitters. However, the neurotransmitter 
acetylcholine was discovered a little more than one hundred years ago, in 1921, by 
German-born scientist Otto Loewi. While human folks might face their final farewell 
at this age, current research on acetylcholine is testament to its young age, making it a 
young centenarian. As a PhD student in the Neuroscience program at the University 
of Arizona [https://neuroscience.arizona.edu/], my fellow students and I learned 
about acetylcholine as one of the major neurotransmitters in the nervous system, its 
synthesis, breakdown, and recycling [1, 2]. The fascinating story of acetylcholine’s 
discovery and its functional importance for brain signaling upheld my continuous 
interest in this neurotransmitter.

2. Otto Loewi and his famous experiments

At the beginning of the 20th century, Loewi had worked on cardiac physiology 
for several years and published a continuous stream of papers in Pflügers Archiv 
(Pflüger’s Archiv für die gesamte Physiologie des Menschen und der Tiere; today: 
Pflügers Archiv: European Journal of Physiology), the oldest physiological journal 
[3, 4]. The question that concerned scientists at the time was the mechanism that 
changed the beating frequency of the heart. Two alternatives presented themselves. In 
one of them, the heart itself released a substance that changed its beating frequency, 
whereas the other one postulated that some substance was released by nerve fibers, 
i.e., a form of chemical transmission existed [5]. In 1921, Loewi published a short 
paper [6] in this regard that described the key experiment carried out by him. It was 
a series of fortunate circumstances that led to his discovery of chemical transmission 
with acetylcholine as the messenger [7].

Loewi has recounted the nights before the critical experiment as he dreamt about 
it in his sleep [5]. The experiment used one frog heart where the vagus nerve was 
stimulated with electrical impulses. Electrical stimulation of the vagus nerve slowed 
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down the heartbeat. The liquid from that heart (saline solution, i.e., Ringer’s solution) 
was collected and applied to a second heart. The application resulted in a reduction in 
the beating frequency of the second heart. Loewi interpreted the slowing down of the 
second heart to mean that the vagus nerve had released a substance, the ‘Vagusstoff ’ 
or vagus substance (acetylcholine) and proved that a soluble chemical released by 
the vagus nerve was controlling the heart rate. The chemical substance affected the 
heart rate through a process of chemical transmission [8]. The solution from the first 
heart slowed the second heart, and its beats diminished exactly as if its vagus nerve 
had been stimulated. In an additional experiment, Loewi stimulated the accelerator 
nerve of the first heart. When the nerve was stimulated and the Ringer solution from 
this heart was transferred, the second heart accelerated, and its beats increased [9]. 
Through these experiments, Loewi had solved the problem of determining whether 
any substance originated in the heart muscle to inhibit or activate it or whether 
the substance originated from the innervating nerve. In 1922, Loewi published a 
companion paper in which he ruled out the possibility that the chemical substances 
came from the heart [10]. In these experiments, he used high doses of nicotine which 
paralyzed the donor heart. Nevertheless, it was still possible to collect and transfer 
the Vagusstoff or the Acceleransstoff (adrenaline or epinephrine) from the paralyzed 
heart after stimulating the nerve. The idea for the initial experiment came to Loewi 
in a dream which prompted him to immediately go the lab after he woke up and carry 
out the experiment at 3 am in the morning [5, 11, 12]. His hypothesis of chemical 
transmission that he had postulated years earlier was proved by 5 am in the morning 
[11]. Loewi was lucky to carry out the experiment in a specific frog species at the time 
of day (diurnal cycle of the frog) and year that he did. The enzyme acetylcholinester-
ase rapidly metabolizes acetylcholine and could have prevented its effect on the heart. 
It was no surprise that chemical transmission was discovered in the peripheral ner-
vous system as it affected visceral organs and skeletal muscles [5]. The experimental 
preparations were more accessible, and it was feasible to study drug effects. Moreover, 
chemical transmission was realized because certain drugs mimicked the stimulation 
of the autonomic nervous system that innervated visceral organs.

3. Henry Hallett Dale: friend and colleague

The other key player in the discovery of acetylcholine is Henry Hallett Dale who 
described acetylcholine as a neurochemical in 1914 [13]. In 1902 and subsequent 
years, Loewi visited the lab of Ernest Starling in London, England [12]. During 
those visits, he met Dale who, just like Loewi, was focused on biomedical bench 
work instead of clinical practice. Both became colleagues and lifelong friends. Dale’s 
work included the isolation and identification of neurochemicals such as histamine 
and acetylcholine. He distinguished muscarinic and nicotinic acetylcholine activity 
which was instrumental for the later discovery of acetylcholine receptor classes and 
subtypes. Furthermore, based on the relatively transient effect of acetylcholine, Dale 
proposed the existence of an esterase that rapidly metabolized acetylcholine. Dale’s 
findings laid the groundwork for Loewi’s innovative discoveries. As a result of their 
cutting-edge and transformative research, ‘the Nobel Prize in Physiology or Medicine 
1936 was awarded jointly to Sir Henry Hallett Dale and Otto Loewi for their discover-
ies relating to chemical transmission of nerve impulses’ [14]. Their work and discov-
eries were not without opposition in the field [15]. The famous neurophysiologist 
John Eccles believed that transmission at synapses was too fast to be carried out with 
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chemicals. He thought that synaptic excitation had to be an electric process instead of 
a chemical one. The debate went on for several years in the middle of the 20th cen-
tury. While Eccles initial idea was shown to be incorrect, he inadvertently helped Dale 
and others in the field to accomplish key experiments which proved chemical synaptic 
transmission in the peripheral and central nervous system. Eccles changed his opinion 
in the early 1950’s after carrying out microelectrode experiments in his own lab. From 
then on, he was convinced of the existence of chemical synaptic transmission which 
he shared in a letter with Dale [5].
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Chapter 2

Avian Muscarinic Receptors:  
An Update
Presannan Usha Aswathy, Suresh Narayanan Nair,  
Basavapura Mahadevappa Sanjay and Sanis Juliet

Abstract

Muscarinic acetylcholine receptors (mAChRs) are widely expressed in both the 
central nervous system and peripheral nervous system and play a crucial role in 
modulating cellular activity and function. While these receptors have been extensively 
studied in mammals, their presence and role in avian species remain a relatively 
unexplored area of research. Nonetheless, several studies have suggested the existence 
of multiple functional muscarinic receptors in various avian species, including the 
vestibular periphery of pigeons, retinal cells, intestinal smooth muscles, dorsal root 
ganglia, developing hearts in chickens, and avian salt glands. Despite this, only the 
M2-M5 subtypes have been characterized, except for some studies that suggest the 
existence of functional M1 receptors in avian species, such as in the dorsal root ganglia, 
retina, heart, and vestibular periphery. In this paper, we review the distribution of 
avian muscarinic receptor subtypes, the characterization of muscarinic acetylcholine 
receptors in various organs and organ systems, and the sequence similarity of mAChR 
2 and mAChR 3 between various birds and animals. Given the current gaps in our 
understanding, more research is needed to investigate further the function and expres-
sion of mAChRs in avian species.

Keywords: avian, muscarinic receptors, acetyl choline, birds, update, homology 
modeling, phylogeny tree, organs

1. Introduction

It is well established that mammals have got multiple functional receptors for 
neurotransmitters, and their role in the physiology of lower vertebrates is still less 
explored. Neurotransmitters are signal molecules with a confirmed neuronal release 
[1]. Among the different types of neurotransmitters, the major neurotransmitter 
released is acetylcholine (ACh) [2]. There are two types of acetylcholine receptors 
(AChRs) which are the nicotinic acetylcholine receptors (nAChRs) and the mus-
carinic acetylcholine receptors (mAChRs). Of these, the muscarinic receptors, are 
membrane proteins that belong to the superfamily of G-protein coupled receptors 
(GPCRs) that transmit their signals into the cell through heterotrimeric GTP-binding 
proteins (G-proteins), having seven transmembrane domains [3]. mAChRs are 
the most predominant cholinergic receptors in the central and peripheral nervous 
systems which plays an important role in modulating cell activity and function [4].
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Moreover, muscarinic receptors are present in virtually all organs with a predomi-
nance of individual subtypes in various tissues and organs [5]. There are five geneti-
cally distinct subtypes of mammalian mAChRs (M1-M5) [6] in neurons and other cell 
types. M1, M4, and M5 receptors are most abundant in the central nervous system 
(CNS), while M2 and M3 receptors are widely distributed in both central and periph-
eral tissues [7]. The structural diversity between the five different mAChR subtypes is 
attributed to the presence of the residues in the third intracellular loop of the protein 
[8]. Experiments like Northern blot and in situ hybridization have revealed that there 
is some tissue specificity in the distribution of receptor subtype mRNAs. Muscarinic 
subtypes have also been distinguished based on tissue-specific antagonists and have 
been developed for therapeutic purposes [5].

The M1 mAChR subtype is abundant in the brain and enteric nervous system while 
the M2 mAChR subtype is mainly expressed in the heart. Peripheral M3 mAChRs 
are found extensively in smooth muscles of the gastrointestinal and urinary tracts, 
exocrine glands, and the eye [9]. In the periphery, M4 mAChRs have been found 
in relatively higher concentrations in the lungs and in lower concentrations in the 
salivary glands and ileum. Various peripheral and cerebral blood vessels have been 
used for the study and identification of mRNA for M5 mAChRs [7]. The M1, M3, and 
M5 subtypes are tightly coupled to the phosphoinositide system, whereas the M2 and 
M4 subtypes are closely linked to the mechanism of adenylate cyclase inhibition [10].

Many biochemical and histochemical studies have illustrated evolutionary changes 
in terms of the concentration of acetylcholine in different parts of the brains of the 
lower vertebrates [11]. Another study [12] has proposed an increasing functional role 
for acetylcholine in some telencephalic structures, particularly in the basal ganglia 
and the tuberculum olfactorium in lower vertebrates. The basal ganglia in non-
mammalian brains are extremely enriched in AChE (acetylcholine esterase) activity 
like that in mammals, while differences in the concentration and distribution of this 
enzyme occur in the cerebellum of the vertebrate brain [13]. Some studies report 
chicken may have a cholinergic habenulointerpeduncular pathway system identical 
to that reported in the rat [14] which suggests the existence of cholinergic cell bodies 
and fibers in the avian brain. The study has confirmed the above results using immu-
nohistochemical localization of choline acetyltransferase in the chicken mesencepha-
lon, which is part of the avian midbrain.

However, despite the characterization and cloning of all muscarinic receptor 
subtypes in different species, to date, there are no reports of a functional M1 musca-
rinic receptor in chicken. This article focuses on the avian muscarinic receptors, their 
subtypes, distribution, expression as well as characterization and reviews the avail-
able information about the various research held in this field so far.

2. Structure of avian muscarinic receptors using homology modeling

So far, there are no reported structures for avian muscarinic receptors in protein 
data bank or any other public domain sites. We used homology modeling to build 
the receptor structure using protein-BLAST search (Sequence ID for this search are 
provided with the individual structures - see Figure 1). Homology modeling is used 
to determine three-dimensional structure of proteins using its amino acid sequence. 
It is a model used for computational structure prediction of proteins. Afterwards the 
SWISS-MODEL service (https://swissmodel.expasy.org/) was used to model the ter-
tiary structure using suggested template protein structure. Discovery Studio Client was 
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used to visualize the final model (Figure 1). In the picture the visual similarities and 
differences between M2, M3, M4, and M5 are visible. By doing nucleotide sequence 
alignment, it has been shown that there are not many similarities between each of the 
muscarinic receptors, though acetylcholine can bind with all the receptors. This may 
be due to the similar sequences in the ligand binding domains of all the four receptors.

Figure 1. 
Images of muscarinic acetylcholine receptor subtypes reported in chicken (Gallus gallus domesticus) homology 
modeled using Swiss model (https://swissmodel.expasy.org/).
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3.  Comparison of sequences and construction of phylogenic tree of avian 
muscarinic subsets

Multiple sequence alignment was done with NCBI tool (https://www.ncbi.nlm.
nih.gov/blast/) and individual phylogenic tree for each receptor among avian were 
created using MEGA 11. Respective human receptors were used for comparative 
purpose (Figures 2–4) similarity between the reported avian sequences as shown in 

Figure 2. 
Phylogeny tree prepared based on sequence similarity of mAChR 2 of C. livia with different species prepared using 
MEGA11.
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the tables (Tables 1–3). By analyzing Table 1 the percentage identity of mAChR 2 
of Columba livia (rock pigeon) with that of Aquila chrysaetos (golden eagle) is 95.5% 
with maximum percentage similarity and minimum similarity with cholinergic 
muscarinic receptor 2 of Homo sapiens (human beings). Similarly, Table 3 details 
gives percentage identity of muscarinic receptor 3 with other species and its respec-
tive human receptors. The same applies to Table 4 and Figure 4.

Figure 3. 
Phylogeny tree prepared based on sequence similarity of mAChR 3 of C. livia with different species prepared using 
MEGA.
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Figure 4. 
Phylogeny tree prepared based on sequence similarity of mAChR 4 of C.livia with different species prepared using 
MEGA11.
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Sl No Description Scientific Name and Common 
Name

Percent 
identity

Accession

1 C. livia cholinergic receptor 
muscarinic 2 (CHRM2), mRNA

C. livia (rock pigeon) 100 NM_001287772.1

2 Aquila chrysaetos chrysaetos genome 
assembly, chromosome: 17

A. chrysaetos chrysaetos (Golden 
Eagle)

95.5 LR606197.1

3 Haliaeetus albicilla genome 
assembly, chromosome: 19

H. albicilla (White-tailed 
eagle)

95.36 OX381656.1

4 Accipiter gentilis genome assembly, 
chromosome: 18

A. gentilis (Northern goshawk) 95.36 OV839379.1

5 Caprimulgus europaeus genome 
assembly, chromosome: 5

C. europaeus (Eurasian 
nightjar)

94.86 OU015528.1

6 Apteryx australis mantelli genome 
assembly AptMant0, scaffold 

scaffold27

Apteryx mantelli (Kiwi) 92.93 LK391419.1

7 Gallus gallus cholinergic receptor 
muscarinic 2 (CHRM2), transcript 

variant 2, mRNA

G. gallus (chicken) 91.86 NM_001397962.1

8 Acrocephalus scirpaceus scirpaceus 
genome assembly, chromosome: 4

A. scirpaceus scirpaceus (Reed 
Warbler)

91.13 OU383777.1

9 Erithacus rubecula genome 
assembly, chromosome: 4

E. rubecula (European robin) 91.08 LR812106.1

10 Taeniopygia guttata muscarinic 
acetylcholine receptor 2 (chrm2) 

mRNA, partial cds

T. guttata (zebra finch) 91.51 MH316766.1

11 H. sapiens cholinergic receptor 
muscarinic 2 (CHRM2), transcript 

variant 5, mRNA

H. sapiens (human) 79.15 NM_001006631.3

Table 1. 
Sequence similarity of mAChR 2 of C. livia with different species. Data collected from pubmed (https://www.
ncbi.nlm.nih.gov/) and created with NCBI-nucleotide-BLAST (https://www.ncbi.nlm.nih.gov/blast/).

Sl No. Description Scientific Name and 
Common Name

Per. 
ident

Accession

1 C. livia cholinergic receptor 
muscarinic 3 (CHRM3), mRNA

C. livia (Rock 
pigeon)

100 NM_001282818.1

2 Haliaeetus albicilla genome assembly, 
chromosome: 13

H. albicilla (White-
tailed eagle)

96.27 OX381650.1

3 Accipiter gentilis genome assembly, 
chromosome: 28

A. gentilis (Northern 
goshawk)

96.11 OV839389.1

4 A. chrysaetos chrysaetos genome 
assembly, chromosome: 13

A. chrysaetos (Golden 
Eagle)

95.89 LR606193.1
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Sl No. Description Scientific Name and 
Common Name

Per. 
ident

Accession

5 Gallus gallus cholinergic receptor 
muscarinic 3 (CHRM3), transcript 
variant 1, mRNA

G. gallus (Chicken) 93.23 NM_205399.2

6 Apteryx australis mantelli genome 
assembly AptMant0, scaffold 
scaffold19

Apteryx mantelli 
(Brown kiwi)

93.28 LK064669.1

7 Taeniopygia guttata muscarinic 
acetylcholine receptor 3 (chrm3) 
mRNA, partial cds

T. guttata (zebra 
finch)

93.93 MH316767.1

8 Corvus splendens muscarinic 
acetylcholine receptor M3 mRNA, 
partial cds

C. splendens (House 
crow)

95.01 MW036511.1

9 H. sapiens cholinergic receptor 
muscarinic 3 (CHRM3), transcript 
variant 10, mRNA

H. sapiens (Human) 79.11 NM_001375985.1

Table 2. 
Sequence similarity of mAChR 3 of C. livia with different species. Data collected from pubmed (https://www.
ncbi.nlm.nih.gov/) and created with NCBI-nucleotide-BLAST (https://www.ncbi.nlm.nih.gov/blast/).

Sl No. Description Scientific Name and 
Common Name

Per. 
ident

Accession

1 C. livia brain acetylcholine 
muscarinic receptor sub-type 4 
(Chrm4) mRNA, complete cds

C. livia (rock pigeon) 100 AY838766.1

2 Streptopelia turtur genome 
assembly, chromosome: 5

S. turtur (European Turtle 
Dove)

98.51 LR594556.1

3 Caprimulgus europaeus genome 
assembly, chromosome: 9

C. europaeus (Eurasian 
nightjar)

93.55 OU015532.1

4 A. chrysaetos chrysaetos genome 
assembly, chromosome: 2

A. chrysaetos (Golden Eagle) 93.41 LR606182.1

5 Haliaeetus albicilla genome 
assembly, chromosome: 5

H. albicilla (white-tailed 
eagle)

93.41 OX381641.1

6 Accipiter gentilis genome assembly, 
chromosome: 22

A. gentilis (Northern 
goshawk)

93.41 OV839383.1

7 Apteryx australis mantelli genome 
assembly AptMant0, scaffold 

scaffold87

Apteryx mantelli (Brown 
Kiwi)

92.57 LK064922.1

8 Acrocephalus scirpaceus scirpaceus 
genome assembly, chromosome: 7

Acrocephalus scirpaceus 
(Eurasian Reed Warbler)

92.26 OU383780.1

9 Erithacus rubecula genome 
assembly, chromosome: 6

E. rubecula (European 
robin)

91.99 LR812108.1

10 Gallus gallus breed Huxu 
chromosome 5

G. gallus (chicken) 91.85 CP100559.1

11 Meleagris gallopavo genome 
assembly, chromosome: 5

M. gallopavo (turkey) 91.65 OW982296.1
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Sl No. Description Scientific Name and 
Common Name

Per. 
ident

Accession

12 Anas platyrhynchos genome 
assembly, chromosome: 5

A. platyrhynchos (mallard 
duck)

91.58 LS423615.1

13 Taeniopygia guttata muscarinic 
acetylcholine receptor 4 (chrm4) 

mRNA, partial cds

T. guttata (zebra finch) 92.83 MH316768.1

14 H. sapiens cholinergic receptor 
muscarinic 4 (CHRM4), transcript 

variant 1, mRNA

H. sapiens (human) 76.45 NM_000741.5

15 Struthio camelus acetylcholinergic 
receptor M4 (acm4) gene, partial 

cds

S. camelus (African ostrich) 91.57 AY168477.1

Table 3. 
Sequence similarity of mAChR 4 of C. livia with different species. Data collected from pubmed (https://www.
ncbi.nlm.nih.gov/) and created with NCBI-nucleotide-BLAST (https://www.ncbi.nlm.nih.gov/blast/).

Sl No. Avian Species Organ Muscarinic 
Subtype

References

1 Herring gulls Salt glands Nonselective 
mAChR

Hootman and Ernst [15]

2 Chick Lateral spiriform 
nucleus of CNS

M3 Guo and Chiappinelli [16]

3 Chick Dorsal Root Ganglion 
(DRG)

M1, M3 Tata et al. [17]

4 Chicken Dorsal Root Ganglion 
(DRG)

M1 Peralta et al. [3]

5 Chicken Basilar artery in brain M3 Matsumoto et al. [18]

6 Chicken Heart (Atria) M1 Jeck et al.[19]

7 Chicken (Broiler) CNS M1, M3 Zendehdel et al. [20]

8 Chick Heart M2 Tietje and Nathanson [14]

9 Chicken Heart M1 Brehm et al. [21]

10 Chick Ventricle of heart M1, M4 Nouchi et al. [22]

11 Chick Brain, atria and 
ventricle

M3 Gadbut and Galper [23]

12 Chick Heart and brain M5 Creason et al. [24]

13 Chick Ocular tissue M2 Yin et al. [25]

14 Chick Vitreous chamber 
of eye

M4 McBrien et al. [26]

15 Chicken Proventriculus M3 Kitazawa et al. [27]

16 Chicken Ileum M2, M3 Darroch et al. [28]

17 Chick Choroid M3 Fischer et al. [29] and 
Zagvazdin et al. [30]

18 Chicken Trachea M4 Winding and Bindslev [31]
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4. Location of avian muscarinic receptors

In birds, fundamental pharmacological studies indicate that mAChRs located in 
the CNS are associated with vision, navigation, metabolism, and central thermo-
regulation [35]. However, the role of each of the mAChRs subtypes has not been 
established in either the CNS or peripheral nervous system [36]. Muscarinic recep-
tor subtypes are expressed in cochlear neurons, supporting cells, central auditory 
neurons [37], avian vestibular hair cells, nerve terminals, ganglion cells, [38] and 
also in the avian retina [39]. Table 4 narrates the important locations of muscarinic 
receptors in birds.

4.1 Avian muscarinic receptors in the central nervous system

Even though the information on muscarinic receptor subtype M1 present in avians 
is few, some studies have given proof for the presence of central muscarinic M1 recep-
tor subtype. A study [20] has reported the role of muscarinic receptor subtypes M1 and 
M3 involved in carbachol-induced hypophagia in neonatal broiler chicken. Moreover, 
the study provided first evidence for muscarinic receptor mediated hypophagic effect 
in domestic fowl and that the hypophagic effect of muscarinergic system is mediated 
via M1 and M3 receptors, which were similar to previous reports in mammals [40, 41]. 
In this study, M2 and M4 receptors had no role in feeding behavior in neonatal broiler 
chicken, but both M2 and M4 receptors had a prominent role in feeding behavior in rat 
[42]. It is a well-known fact that there is a significant difference on the role of neu-
rotransmitters in the feeding behavior between avian and mammals [20].

Another study [16] was conducted to assess the functional role of muscarinic 
acetylcholine receptors in chick brain slices using whole-cell patch-clamp recordings 
of neurons in the lateral spiriform nucleus. The lateral spiriform nucleus (SpL) forms 
part of the avian basal ganglia system. It receives cholinergic innervation from the 
nucleus semilunaris, as well as glutamatergic input from the ansa lenticularis sub-
thalamus, GABAergic input from the paleostriatum primitivum and both GABAergic 
and possibly dopaminergic inputs from the substantia nigra [43]. But their functional 
roles in influencing motor behavior remain largely unknown, even after depicting the 
anatomical pathways. Possibly, the ACh released from cholinergic nerve terminals in 
or close to the SpL enhances the release of GABA by means of nicotinic AChR activa-
tion, which is located on GABAergic axon terminals [44]. Similarly, ACh might act 
simultaneously on muscarinic AChRs also.

Results of their study revealed that bath application of carbachol, a muscarinic 
agonist, enhanced the frequency of spontaneous postsynaptic currents and produced 

Sl No. Avian Species Organ Muscarinic 
Subtype

References

19 Pigeon Vestibular end organs M1, M2, M3, 
M4, M5

Li and Correia [32]

20 Quail Rectum Nonselective 
mAChR

Shiina and Takewaki [33]

21 Quail Ileum M2, M3 Sanjay et al. [34]

Table 4. 
Distribution of subtypes of muscarinic receptors in various species and their location.
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a pronounced postsynaptic inward current in normal ACSF (Artificial Cerebrospinal 
Fluid) with a slower onset but more prolonged action. These effects may be due to 
the possible muscarinic AChRs belonging to the M3 subtype category and are located 
some distance from release sites, requiring activation of voltage-dependent sodium 
channels and N-type voltage-dependent calcium channels (VDCCs) to trigger 
enhanced GABA release. To determine the muscarinic receptor subtype that mediated 
enhancement of spontaneous GABAergic IPSCs (Inhibitory Postsynaptic Currents), 
several muscarinic antagonists were used for testing, of which 4- DAMP mustard 
alone completely blocked muscarine’s effect. As per existing data on 4-DAMP 
mustard, it exhibits a high affinity for the M3 receptor, whereas its affinity for other 
subtypes is significantly lower [45]. Moreover, the pharmacological profile suggested 
that M3 receptors predominantly contributed to the muscarinic enhancement of 
GABA release, thus giving evidence for the same.

Another study reported a cDNA that encodes a chicken protein that is homologous 
to mammalian prion protein (PrPc). PrPc in mammals is an altered isoform of the 
infectious particle prion (PrPsc) thought to be responsible for spongiform encepha-
lopathies in humans and animals. It is a cellular protein of unknown function in 
mammals. Chicken prion-like protein (ch-PrLP) is expressed in embryos as early as 
day 6 in the central nervous system, mostly in the motor neurons. It was found that 
this protein is abundant in preparations of an acetylcholine receptor-inducing activity 
based on its ability to synthesize nicotinic receptors in cultured myotubes. Hence, 
according to the study, it is likely that they serve normally in the neuromuscular junc-
tion and central nervous system to regulate chemoreceptor numbers [46].

4.1.1 Muscarinic receptors in pigeon brain

The avian nidopallium caudolaterale (NCL), situated in the caudal telencephalon, 
serves comparable functions to the mammalian prefrontal cortex, although both are 
not homologous structures. In the last decades, assumed homologies between avian 
and mammalian brain components has been studied [47]. It assumes that mammalian 
and avian pallia share a homologous pallial identity that may be derived from a com-
mon ancestry [48]. However, this does not imply that cortical or subcortical pallial 
areas must be exactly homologous to pallial components in birds.

Various researchers have proved that the mammalian prefrontal cortex (PFC) and 
the avian NCL share several anatomical neurochemicals [49], electrophysiological 
and functional [50] characteristics. Hence, the similarities between NCL and PFC 
may likely do not result from common ancestry, but may be due to an evolutionary 
convergence. In a quantitative analysis of different receptor binding sites, using auto-
radiography, by labelling the muscarinic cholinergic M1 receptor with pirenzepine 
and the muscarinic cholinergic M2 receptor with oxotremorine, the study compared 
the receptor fingerprints of NCL with those of frontal areas in mammals.

ACh is an essential regulator of cortical excitability and plays important roles for 
arousal, attention, and cognitive processes [51, 52]. These functions are mediated 
by muscarinic and nicotinic ACh receptors. Cholinergic M1 receptors were highest 
in humans if compared to macaque monkey, rhesus monkey, rat and pigeon, while 
M2 and nicotinic receptors showed equal densities [53]. However, pigeons showed 
an inverted pattern of M1/M2 binding in the NCL compared to other species which 
suggests an increased inhibitory control on local circuits, this may be a compensating 
mechanism for the shift to glutamatergic processing which was at highest concentra-
tion in the avian nidopallium [54].
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4.1.2 Muscarinic receptors in avian nerve fibers

DRG (dorsal root ganglia) is a collection of bipolar cell bodies of neurons, formed 
when the dorsal sensory root of spinal nerves exits the neural foramina, surrounded 
by layers of satellite glial cells (SGCs) [55]. DRG neurons are pseudo-unipolar cells. 
They give rise to one fiber from which both central and peripheral projections 
derive, forming peripheral and central sensory branches. These branches contain 
both myelinated and unmyelinated fibers differing in size, conduction velocity, and 
perception specification, e. g. nociceptive and thermal sensory neurons [56].

Immunocytochemical studies conducted in the chick DRGs has shown that musca-
rinic receptors are present in almost all neurons of DRG with a Kd value for [3H]QNB 
(H-3-quinuclidinyl benzilate) comparable to that reported for mAChRs in other tissue 
with cholinergic innervation. Hence, DRG neurons not only express cholinergic neu-
rotransmission markers, a high-affinity choline uptake system (HACU) [57], but are 
also muscarinic cholinoceptive [58]. Functional studies using d-tubocurarine in chick 
dorsal root ganglia have shown that only about 50% of DRG neurons are responsive 
to acetylcholine and are sensitive to dtubocurarine suggesting their nicotinic nature 
[59]. Thus, the divergent distribution of both muscarinic and nicotinic acetylcholine 
receptor types may indicate their different role in DRG neurons.

A similar study has also identified the presence of muscarinic cholinergic recep-
tors and their microanatomical localization in chicken dorsal root ganglia. They used 
pirenzepine in competition binding experiments, which showed high affinity for the 
cloned M1 receptor and labels the M1 receptor of the pharmacological classification 
[3]. Though the absolute specificity of pirenzepine was questioned by many studies 
for M1 muscarinic cholinergic receptors [60], the sensitivity of [3H]QNB binding to 
the compound suggests the expression of the M1 receptor subtype in chick DRG.

In another study to establish muscarinic receptors modulate intracellular calcium 
levels in sensory neurons of chicks, E18 embryonic chicks were treated with mus-
carinic agonists such as muscarine and oxotremorine which resulted in an increase 
of intracellular calcium levels in fura-2 AM (fluorescent calcium indicator) loaded 
DRG neurons. This effect was antagonized by treatment with atropine and not with 
the same concentration of mecamylamine indicating that the increase in calcium 
concentration was due to muscarinic receptor activation. To substantiate the above 
findings, selective antagonists of muscarinic receptor subtypes were tested, and it 
also indicated that M1 to a greater extent and to a lesser extent M3 receptor subtypes 
were responsible for the observed intracellular calcium mobilization. These find-
ings suggest a functional role for acetylcholine and muscarinic receptors in sensory 
transduction [17]. Moreover, second messengers such as cGMP and cAMPs musca-
rinic modulation have already been reported in DRG neurons by demonstrating the 
presence of M1 and possibly M3 subtype in the chick dorsal root ganglia [58].

Another study conducted to investigate the presence of mAChRs by immunolabel-
ing neurons, nerve fibers, Schwann cells, and satellite cells in chicken also suggests 
the presence of mAChR subtypes. It showed a consistent presence of mAChRs in 
the neuronal plasma membrane, which suggests a probable role for mAChRs during 
neuronal differentiation ad exchange of information between neurons [61]. In the 
nerve fibers, mAChR was detected in the initial segment of emerging neuronal fibers 
at E12, but the unmyelinated axons of both peripheral and central branches were 
devoid of an immunoreaction product. This indicates mAChRs may not be involved 
in the transduction of sensory stimuli [62] in early life. Later, in young chicks several 
unmyelinated fibers, both central and peripheral, become immunopositive. In young 
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chicks, the immunoreaction product was detected in the axoplasm of numerous 
unmyelinated central axons, suggesting transport of mAChRs towards the nerve 
endings in the spinal cord.

In the satellite and Schwann cells, at E12 numerous perineuronal satellite cells sur-
rounding the soma of immunopositive and immunonegative neurons were strongly 
labeled for mAChRs. Reciprocal communication between neurons and glial cells is 
well established [63]. Various neuroactive substances synthesized and released by 
glial cells are involved in neuronal differentiation and growth. Similarly, interac-
tion between Schwann cells and axons are also important for the maintenance of 
structural integrity and functioning of axons. All these suggest a correlation that at 
early developmental stages of the avian DRG, the mAChRs expressed by satellite and 
Schwann cells is important to control the morphogenesis of neurons that take part in 
sensory functions as well as their axons.

4.1.3 Muscarinic receptors in avian Edinger-Westphal nucleus

Choroid in birds is extensively innervated by ciliary ganglion [64]. Edinger-
Westphal (EW) nucleus is the source of the parasympathetic preganglionic input to 
the ciliary ganglion, upon electrical stimulation, increases the choroidal blood flow in 
pigeons [65]. Various pharmacological investigations suggest that NO (Nitric Oxide) 
mediates the EW-evoked vasodilatory response [66]. Earlier studies have identified 
M3 receptors in avian choroid [29], which mediates the tone of vascular beds in the 
avian choroid probably by the cholinergic-dependent release of endothelium-derived 
relaxing factor (presumably NO) [67, 68].

The study examined the role and the type of muscarinic receptors within the cho-
roid that is involved in the increases in choroidal blood flow, using electrical stimula-
tion of the nucleus of Edinger-Westphal (EW) nucleus to activate the ciliary ganglion 
input to choroid in pigeons. M3 receptors were blocked using a selective antagonist, 
4-diphenyl-acetoxy-N-methylpiperedine (4-DAMP), it reduced the baseline choroidal 
blood flow. Simultaneously, atropine, a non-selective antagonist of muscarinic recep-
tors, decreased the EW-evoked responses to a lesser extent than 4-DAMP.

The results of the study suggested a major role of M3 type muscarinic recep-
tors in the EW evoked increases in choroidal blood flow in pigeons [30]. Based on 
another finding that the input of ciliary ganglion to choroid does not synthesize NO, 
but inhibitors of NO production do block EW-evoked choroidal vasodilation [66], 
it seems likely that the M3 receptors acted on by 4-DAMP are present on choroidal 
endothelial cells and mediate choroidal vasodilation via stimulation of endothelial 
release of nitric oxide.

5. Avian muscarinic receptors in sensory structures

5.1 Muscarinic receptors in avian vestibular end organs

Muscarinic acetylcholine receptor subtype expression in avian vestibular hair 
cells, nerve terminals and ganglion cells has been conducted based on the patch 
clamp recordings from pigeon native hair cells with carbachol, a cholinergic agonist, 
resulted in reduction of the current through the inward rectifier pKir2.1 channel [32]. 
The cilia on the hair cells and the associated structures are important during sensory 
transduction.
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They cloned and sequenced pigeon mAChR subtypes M2–M5 in the pigeon 
vestibular end organs (semicircular canal ampullary cristae and utricular macu-
lae), vestibular nerve fibers and the vestibular (Scarpa’s) ganglion and studied the 
expression of all five mAChR subtypes (M1–M5) in the pigeon vestibular end organs 
(semicircular canal ampullary cristae and utricular maculae), vestibular using tissue 
immunohistochemistry (IH), dissociated single cell immunocytochemistry (IC) and 
Western blotting (WB). In the study, vestibular hair cells, nerve fibers and ganglion 
cells expressed all five (M1–M5) mAChR subtypes. mAChRs M1 and M5 were found 
on the nerve terminals, supporting cells, and cilia of hair cells. And mAChRs M1, M3 
and M5 were expressed on cuticular plates, myelin sheaths and Schwann cells. M2 and 
M4 mAChRs were seen on the nerve terminals. M2 was also present on the cuticular 
plates and supporting cells [38].

Immunohistochemistry and Immunocytochemistry results were consistent with 
results from WB of the dissociated vestibular epithelia, nerve fibers and vestibular 
ganglia. It is clear from the study that the neuronal components of the labyrinth 
exhibit significant co-expression of the subtypes. Even though the study does not 
give data on quantitative expression of M1–M5 but do indicate that the mAChRs are 
widely present and co-expressed on elements in the vestibular peripheral system. The 
additional possibility of mAChR expression on efferent fibers and terminals forming 
autoreceptors should be analyzed using further research in this area.

Acetylcholine receptors often perform autocrine and neuronal activities [69]. 
Control of cell growth and proliferation and release of chemical mediators [70, 71] 
are the major autocrine functions. These functions are important in vestibular hair 
cell regeneration or maintenance and replenishment of endolymph and perilymph. 
Non-neuronal cholinergic function is attributed by the expression of mAChR sub-
types on the supporting cells and Schwann cells [72].

5.2 Muscarinic receptors involved in chick myopia

Various studies conducted in the chick model of myopia has proved that the most 
effective anti-muscarinic agents for myopia includes the non-selective agents like 
atropine [73] and oxyphenonium [74], followed by the partially selective muscarinic 
antagonists M1 and M4 selective pirenzepine [75] and the M2 and M4 selective him-
bacine [76]. In a study using the selective M4 muscarinic receptor antagonist MT-3, it 
was effective in inhibiting form-deprivation myopia in the chick by means of inhibi-
tion of vitreous chamber elongation, the major structural cause of myopia, associated 
with inhibition of choroidal thinning in myopic chicks. While in certain studies using 
muscarinic antagonists such as atropine and pirenzepine, they also produced similar 
efficacy in reducing myopia, at doses substantially higher than that would be consid-
ered necessary for a muscarinic receptor-based mechanism, namely at micromolar 
concentrations.

But in this particular study, since the muscarinic antagonists applied were highly 
selective for the M4 and M1 receptors, the doses were calculated to be at nanomolar 
concentrations at the receptor level. Similarly, upon applying the highly selective M1 
muscarinic antagonist MT-7, it had no inhibitory effect on form-deprivation myopia 
in chick, deriving a conclusion that the chick lacks an M1 receptor, as supported by 
their findings [26].

In a similar experiment involving the chick myopia model, attempts were made to 
isolate and process RNA and genomic DNA for the evidence of a functional M1 mus-
carinic receptor in chicken. However, the results produced no evidence for the same, 
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which itself indicates that the mRNA template necessary for the production of the M1 
receptor protein is unlikely to be present in chick. Furthermore, it could be concluded 
that the chick lacks a gene or promoter sequence for the M1 receptor. Moreover, the 
study was consistent with previous report, which demonstrates a tenfold affinity of 
pirenzepine for the chick M2 receptor subtype than its mammalian counterpart [77]. 
Hence, the study suggests the possibility that pirenzepine inhibits myopia progression 
via the M2 receptor in birds and via the M1 receptor in mammals. Furthermore, it also 
suggests the possibility that muscarinic antagonists which prevents myopia in chicks 
mediates its action through another muscarinic subtype, probably the M4 subtype or 
through non-specific or non-receptor mediated mechanisms [25].

Moreover, this can be consistent with another finding which localized the pres-
ence of G protein-coupled receptor kinases (GRKs) in the avian retina [39]. GRKs 
are enzymes that are involved in the phosphorylation of serine/threonine residues 
in the carboxy-terminal of various of agonist-occupied G protein-coupled receptors 
[78, 79]. Retinal morphology and electrophysiology are relatively well characterized, 
since it is an excellent model for neurochemical studies of the nervous system since its 
development. At least six enzymes have been cloned and were extensively character-
ized from mammals [80]. Of these, mammalian retinal rods and cones expressed 
GRK1 [81]. In the chicken retina, two different types of photoreceptors expressed 
a novel GRK1 [82]. However, not only muscarinic receptors act via GPCR mediated 
mechanism but also dopaminergic D1, D2, D4 and D5 receptors [83], adenosine A1 
and A2 receptors [84] and metabotropic glutamate receptors [85], among others, 
were characterized in this tissue.

In the study, G protein-coupled receptor kinases 2, 3 and 5 were expressed in 
different regions and cell populations of the chick retina. While immunoreactivity 
of GRK2 was found over all types of neurons of the retina and over both plexiform 
layers, immunolabeling for GRK3 was restricted to the inner portion of the retina, 
over the inner plexiform layer and amacrine and ganglion cell bodies. However, 
immunoreactivity for GRK5 was only found in amacrine and Muller glial cells bodies 
and processes [39].

6. Muscarinic receptors in avian trachea

Another study characterized a muscarinic receptor in chicken trachea controlling 
secretion of chlorides. In the study the chicken trachea was stimulated to secrete 
chloride ions by the application of acetyl choline and this was completely inhibited by 
bumetanide suggesting the presence of a functional muscarinic receptor in the avian 
trachea. In the study they classified the receptor subtype as M4, which probably is 
involved in ion transport on exocrine glands and mucosal cells [31].

7. Muscarinic receptors in avian gastrointestinal system

Characterization of muscarinic receptors in avian smooth muscles has been done 
by many researchers, especially in the ileum of chicken using functional and binding 
studies. Decades back, a contractile response to carbachol antagonized by atropine 
had been studied in the chick ileum [86]. In the functional studies, the affinities 
obtained exhibited good agreement with the existence of a functional M3 musca-
rinic receptor subtype in the ileum of chicken, however the findings were in direct 
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contrast to the binding experiments, in which the single binding site appeared to be 
the muscarinic M2 receptor subtype. Hence, even though the contractile response was 
mostly due to a functional M3 receptor subtype, analysis of the competition binding 
curves suggested the presence of a uniform population of the muscarinic M2 receptor 
subtype also even though it did not contribute to the contractile response [28].

8. Muscarinic receptors in avian cardiovascular system

As mentioned above, initially the only available data on chicken muscarinic recep-
tors was that of the M2 muscarinic receptor subtype. But many ex-vivo experiments 
have given proof for the existence of avian correlates in atria of chick for muscarinic 
M2 receptor [77], M3 receptors in atrium and ventricles [23] and M5 receptor sub-
type in embryonic chick heart and brain [24]. The potent muscarinic cholinergic 
antagonist 3 -quinuclidinyl benzylate (QNB) has been used to detect and quantify 
muscarinic receptors as early as day 3 in ovo in the developing chick heart [87]. The 
study found an exponential increase in 3 -quinuclidinyl benzylate (QNB) binding 
sites, which reduced at day 18 in ovo. However, the receptor density and subtype were 
not investigated in the above study.

Another study determined the effect of exposure of cardiomyocytes from chicken 
embryos for 3 days to the beta adrenoceptor agonist, isoproterenol. In the study, the 3 
days exposure induced an increase in the level of muscarinic acetylcholine receptors 
by about 30% in chicken cardiomyocytes [88].

Another study found out the inotropic response of muscarinic acetyl choline 
receptors to the stimulation of isolated chick ventricular myocardium at various 
developmental stages. The study also pharmacologically characterized the receptor 
subtype involved in embryonic chick ventricles. Carbachol produced positive inot-
ropy in embryonic chick ventricles at micromolar concentrations, whereas in hatched 
1–3-day old chick ventricles it produced negative inotropy at nanomolar concentra-
tions. However, in the 19–21-day-old embryos, neither positive nor negative inotropy 
was observed. Conclusions were made by comparing the pA2 values that positive 
inotropy is most likely due to muscarinic M1 receptors and the negative inotropy is 
most likely mediated by muscarinic M4 receptors [22].

9. Muscarinic acetylcholine receptors in the avian salt gland

Unlike other vertebrate exocrine glands, the avian salt gland secretes an effluent 
that contains only trace amounts of protein or other macromolecular species, which 
makes it a unique model for the study of exocrine secretion of electrolytes [89]. This 
hypertonic secretion principally contains sodium and chloride ions in the rage of 500 
to 900 mEq/l concentrations [15]. Administration of acetylcholine or methacholine 
in herring gulls stimulated salt gland secretion, while secretion in response to either 
a parenteral salt load or to a direct stimulation of the secretory nerve is blocked by 
injection of atropine, which suggests the role of muscarinic receptors responsible for 
its secretory function. In order to demonstrate and characterize these receptors in 
avian salt gland, radiolabeled muscarinic antagonist [H]quinuclidinyl benzilate ([3H]
QNB) was used in ducklings under fresh water and salt water conditions.

Characterization of these receptors using the radiolabeled antagonist, [3H]QNB, 
showed them to be similar to muscarinic receptors from various mammalian sources, 
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including rabbit iris, rabbit heart, rat parotid gland, and rat brain [90]. Regardless of 
conditions, since the DNA content of individual cells in the salt gland remains the same in 
case of salt stress, relating [3H]QNB binding to DNA allows calculation of average number 
of receptors per cell. Upon conducting this calculation, it became evident that individual 
salt gland cells in salt water contains approximately three times as many muscarinic 
receptors as that of fresh water glands [15]. These results thus provide direct evidence 
for de novo synthesis of muscarinic cholinergic receptors during the plasma membrane 
hypertrophy that typifies the response of salt gland epithelial cells to chronic salt stress.

10. Muscarinic receptors in quail

The first report of muscarinic acetylcholine receptors in Japanese quail intestine was 
evaluated by recording the contractile responses of quail ileum to the agonist and agonist 
in presence of antagonists, also relaxant effect of muscarinic receptor antagonists with 
submaximal contraction of Ach using an isometric transducer. In the study, EC50 values 
of ACh increased in the presence of atropine (nonselective muscarinic antagonist) and 
pirenzepine (M1/M2 muscarinic antagonist) compared to EC50 value of ACh alone. 
Also, the EC50 value of Ach was higher in the presence of atropine when compared to 
EC50 of ACh in presence of solifenacin (M3 muscarinic antagonist). It was also found 
that EC50 of ACh was increased 3.48 times in presence of atropine, 2.65 times in presence 
of pirenzepine and 1.56 times in presence of solifenacin. These findings indicate that the 
muscarinic receptor subtypes responsible for contraction of small intestine in Japanese 
quail is contributed by both M2 and M3 muscarinic receptor subtypes, and it was 
substantiated using molecular studies which revealed the absence of M1 receptor gene in 
Japanese quail and this finding is in accordance with the reports in chicken. The results of 
the study indicated that muscarinic receptors are distributed with the same propensity in 
quails like that of other avian and other mammalian species [34].

11. Conclusions

Several research have revealed that different bird species like chicken, pigeon 
and herring gulls have numerous functioning muscarinic receptors. The receptors 
in these species are mostly found in the central nervous system (dorsal root ganglia, 
basilar artery) and heart, as well as in sensory structures like the vestibular periphery 
and in avian salt glands respectively. Several studies have found them in the trachea, 
proventriculus and in smooth muscles of the intestinal tissue (ileum, rectum). The 
paper also reviews the existence of muscarinic receptors in quail ileum, a first report 
of its own in quail. Major receptor subtypes identified in avians are M2, M3, M4 and 
M5 except for M1 receptors present in dorsal root ganglion, atria and ventricles of 
heart and vestibular periphery. Even though, the muscarinic receptor subtypes in 
avians have been identified and characterized, the transduction mechanisms and 
functional contribution of each receptor subtypes has not been studied properly, 
which is a major shortcoming of researches in avian muscarinic receptors. For the goal 
of organizing the prospective neurophysiological and pharmacological research of 
cholinergic transmission in this species, it is crucial to establish the functional role of 
cholinergic systems in avians. However, in spite of the findings discussed here, rigor-
ous studies are required in this field to further investigate the function and expression 
of mAChRs in avians.
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Abstract

Without acetylcholine (ACh) no skeletal muscle contraction, no preganglionic  
sympathetic or parasympathetic activity can be obtained. This can result in dysregulation 
of cardiac, respiratory, gastrointestinal, and renal functions as well as disruption of 
fluid secretion from various glands such as tears, saliva, digestive juices, sweat, and 
milk. Importantly, ACh deficiency in the brain can have severe cognitive consequences. 
The action of ACh is mediated by two distinct classes of receptors, namely the musca-
rinic (mAChRs), which are G-protein coupled (metabotropic) receptors and nicotinic 
receptors (nAChRs), which are ligand-gated ion channels (ionotropic receptors). The 
focus of this chapter is on interaction of these two distinct receptor classes and its 
implication in health and disease. Thus, following a brief description of ACh actions 
and its central circuitry, an update on mAChRs and nAChRs and how their interaction 
may impact neuropsychiatric/neurodegenerative diseases will be provided. Moreover, 
potential novel therapeutic intervention based on these interactions, particularly in 
relationship to Alzheimer’s and Parkinson’s diseases will be touched upon.

Keywords: acetylcholine, nicotinic receptors, muscarinic receptors, glial cells, 
neuroinflammation

1. Introduction

It is now 100 years since acetylcholine (ACh), described as “vagus stuff” by Otto 
Loewi has been recognized as the first discovered neurotransmitter. This discovery 
was based on an ingenious experiment where the exposure of a second heart to the 
media obtained from the electrical stimulation of the vagus nerve of the first heart, 
resulted in slowing of the second heart, similar to the effect observed by vagal 
stimulation of the first heart. ACh is now recognized as a critical neurotransmitter at 
various vital sites such as neuromuscular junction, autonomic ganglia and the brain or 
the central nervous system (CNS).

Without ACh no skeletal muscle contraction, no preganglionic sympathetic or 
parasympathetic activity can be obtained. This can result in dysregulation of cardiac, 
respiratory, gastrointestinal, and renal functions as well as disruption of secretion 
from various glands such as tears, salvia, digestive juices, sweat and milk. Moreover, 
since ACh is also the neurotransmitter at the adrenal medulla, its absence at this 
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site would prevent the release of adrenaline, an essential hormone in regulating the 
fight-fright response. Importantly, lack of ACh in the brain can have severe cognitive 
consequences.

Acetylcholine, as the name implies, is made up from two substances, an acetyl 
group (derived from glucose) and choline, a nutrient derived from foods such as 
egg yolks, soy and legumes. Choline is also synthesized by the liver. ACh synthesis 
is catalyzed by choline acetyltransferase (ChAT), the presence of which in a neuron 
implies that ACh is used as a neurotransmitter by that neuron. A distinguished 
feature of ACh in comparison with other neurotransmitters is that its action in 
the synapse is readily terminated by the enzyme acetylcholinesterase (AChE), in 
contrast to the reuptake mechanism prevalent with other neurotransmitters. Upon 
the action of AChE, ACh is broken down into acetate and choline, where the latter 
is taken up for re-use by the nerve. Inhibition of AChE by insecticides or nerve 
gases can result in accumulation of ACh. Excess ACh at the neuromuscular junction 
would cause depolarization of the post-synaptic cell and paralysis. Death from the 
nerve gas is primarily due to excess secretion and respiratory paralysis. On the other 
hand, some AChE inhibitors (AChEIs) can be used as therapeutic agents in diseases 
where ACh transmission is inadequate. This includes myasthenia gravis where 
AChEIs raise the level of ACh in the neuromuscular junction, and improve muscle 
activation, contraction, and strength, or in neurological disease such as Alzheimer’s 
disease (AD).

The action of ACh is mediated by two distinct classes of receptors, namely the 
muscarinic (mAChRs) and nicotinic receptors (nAChRs). The focus of this chapter 
is on interaction of these 2 distinct receptor classes and its implication in health and 
disease. Thus, following a brief description of ACh actions and its central circuitry, 
an update on mAChRs and nAChRs and how their interaction may impact neuro-
psychiatric/neurodegenerative diseases will be provided. Moreover, potential novel 
therapeutic intervention based on these interactions will be touched upon.

2. Brain ACh pathways and their significance

An extensive local interneuron network in brain areas involved in motor, cogni-
tive and reward activities such as the striatum, nucleus accumbens, and neocortex 
utilize ACh as a neurotransmitter. In addition, cholinergic pathways connecting the 
basal forebrain, a complex of 4 cholinergic nuclei that project to: cerebral cortex, 
hippocampus, amygdala and the olfactory bulb, are critical in regulating cognition, 
motivation, hedonic state and reinforcement. Cholinergic input to the substantia 
nigra pars compacta (SNpc), ventral tegmental area (VTA), thalamus and hypothala-
mus, areas critical in regulating motor, reward and endocrine systems are provided 
by the pedunculopontine nucleus (PPN) and laterodorsal tegmental nucleus (LDTN) 
[1]. Moreover, lateral habenula (LatH), part of a complex nucleus which connects the 
midbrain to the limbic forebrain and uses ACh, has received considerable attention 
because of its potential role in cognition and in the pathogenesis of various psychiat-
ric disorders. The medial habenula (MedH), which can be further subdivided into a 
dorsal region containing non-cholinergic excitatory neurons such as tachykinin and 
substance P and a ventral region containing dense cholinergic neurons, has recently 
been investigated more thoroughly. It is now believed that cholinergic projections of 
MedH is involved in mood regulation as well as drug addiction and that manipulation 
of this system may be therapeutically exploited [2].
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Thus, extensive trajectories throughout the brain, such as cortical connections 
mediating decision making and planning; projections to the hippocampus and amyg-
dala influencing attention, memory, fear, and stress responses; mesolimbic pathways 
affecting response to reward; hypothalamic system controlling homeostatic responses 
such as thermoregulation, food intake, and sleep, all utilize ACh as a neurotransmit-
ter. Furthermore, cholinergic system plays an important role in facilitating synaptic 
plasticity and neuronal development [1]. For these reasons, the cholinergic systems, 
particularly, the basal forebrain complex, PPN and LDTN have been extensively 
studied in relation to age-related progressive neurodegenerative diseases such as 
Alzheimer’s disease (AD) and PD [1].

Figure 1. 
Simplified schematic diagram depicting central cholinergic system as well as its interaction with the peripheral 
organs. The afferent and efferent connections of the vagus nerve with the heart, lung, gastrointestinal (GI) tract, 
kidney and the gonadal system are highlighted. Moreover, the mediators of acetylcholine (ACh) actions (i.e., 
muscarinic and nicotinic receptors) and their structural composition (i.e., G-protein coupled receptor vs. ligand-
gated ion channels) are distinctly shown in the insert.
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It is also of relevance to note that the cholinergic projections, in general, have a 
modulatory, rather than strictly excitatory or inhibitory effects on other neuronal 
systems. As mentioned earlier, ACh action is mediated by both nicotinic and mus-
carinic receptors, which interact at both pre- and post-synaptic junctions. A major 
emphasis of this chapter is to provide an up-to-date understanding of this complex 
interaction (Figure 1).

3. ACh receptors

As mentioned above, the cholinergic system is involved in a wide variety of func-
tions in peripheral as well as in CNS. ACh is the neurotransmitter widely distributed 
in CNS, used by motor neurons at the neuromuscular junction, and by sympathetic 
and parasympathetic preganglionic neurons in the autonomic nervous system (ANS), 
by the parasympathetic innervated organs and select sympathetic-innerved organs 
including sweat glands, the piloerector muscle (responsible for skin hair to stand up), 
and other smooth muscles such as irises, which control the diameter of the pupils. In all 
these, ACh effect is mediated by activating two distinct types of receptors: muscarinic 
acetylcholine receptors (mAChRs) and nicotinic acetylcholine receptors (nAChR) that 
differ in both structure and function but share common neuronal circuits. Moreover, 
these two receptors may co-localized in the same or in different cells, where they 
can interact with each other. For example, nAChRs in ganglionic cells may modulate 
the functions of mAChRs in target organs such as smooth muscle, cardiomyocytes, 
epithelium, and exocrine cells. Below, following brief descriptions of the two classes of 
receptors, their role in relation to the neurodegenerative diseases will be the focus.

3.1 Muscarinic acetylcholine receptors (mAChRs)

There are five subtypes of mAChRs: M1, M2, M3, M4 and M5 which are G-protein 
coupled receptors (GPCRs) responsive to the agonist muscarine with equal affinity 
[3]. Depending on the subtype of mAChR stimulated, distinct signaling pathways are 
activated. For example, stimulation of the M2 and M4 subtypes, leads to activation 
of inhibitory G-protein (Gi) which results in inhibition of cyclic AMP (cAMP) and 
consequent effects downstream. In contrast, activation of M1, M3 and M5 subtypes 
is generally coupled to a (Gq) which activates phospholipase C that leads to the 
formation of inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 causes 
mobilization of Ca2+ from intracellular stores, while DAG activates protein kinase 
C (PKC) isozymes [4], which can phosphorylate a multitude of downstream mol-
ecules that exert tissue-specific functions [5]. In addition, activation of mAChRs can 
modulate several types of ion channels and currents. For example, Ca2+ currents can 
be suppressed by M1 and M2 receptors in the mouse and M1 and M4 receptors in the 
rat, whereas M1 receptors can suppress M-type K+ current in the rat [6]. Furthermore, 
MAP kinases and small GTPases, such as Rho and Rac proteins, are also activated by 
mAChRs [4]. It is worth mentioning that Gq and Gs are designation for stimulatory, 
whereas Gi signifies inhibitory effect on second messenger such as cAMP.

3.2 Brain distribution of mAChRs

The predominant mAChR subtypes expressed in the cortex of adult brain are: 
M1(40%), M2 (37%) and M4 (15%). In the hippocampus, however, 36%, 33% and 
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27% represent M1, M2 and M4, respectively. As mentioned earlier, M1 receptors are 
found throughout the brain with highest concentrations in cortical regions and the 
hippocampus. Cortical M1 receptors, most dominant in cortical layers III and V/
VI in pyramidal neurons are primarily located post-synaptically and are associated 
with excitatory synapses. M2 receptors, on the other hand, are highly localized in 
the nucleus basalis and occipital cortex, and with lesser density in the hippocampus, 
caudate putamen, and other cortical regions. M2 receptors are located both pre- and 
post-synaptically in the cortex, where the latter is present in a subset of glutamatergic 
synapses and GABAergic interneurons. The presynaptic M2 receptors are located 
on the axons of symmetric synapses and function as autoreceptors. An autoreceptor 
is a type of receptor located in the nerve membrane and serves as part of a negative 
feedback loop in signal transduction and is only sensitive to the neurotransmitters 
released by the neuron on which it is located. M3 receptors have similar distribution 
to that of M1 but with a much lower level of expression. Like M1, M3 receptors also 
are present in cortical pyramidal neurons and glial cells. In contrast, M4 receptors 
are highest in the caudate putamen and are often associated with dopaminergic 
neurotransmission. M5 receptors are present in very low levels in the hippocampus, 
substantia nigra, and ventral tegmental area.

3.3 Function of mAChRs

mAChRs shape neuronal and local network processing abilities, and depend-
ing on the network involved, affect cognitive functions including learning and 
memory. For example, AD related-cognitive impairment is associated with reduced 
muscarinic cholinergic activity, although ascribing specific contribution of indi-
vidual mAChR subtypes to a specific cognitive performance is not tenable due to 
heterogeneous distribution of mAChR subtypes within the brain [7]. Knockout 
studies show that mAChRs functions are subtype dependent. For instance, in para-
digms requiring hippocampal processing, M1−/− animals appear to have normal 
learning and memory [8, 9], suggesting other AChRs may be at play. However, in 
paradigms thought to require interactions between the hippocampus and cortex, 
M1−/− animals show deficits [10]. These deficits are thought to be analogous to 
working memory impairment which may require communication between the two 
regions and possibly through recruitment of M1 receptors. Thus, mAChRs, with 
their potential to modulate cognition, have stimulated a high degree of interest as a 
therapeutic target.

3.4 Nicotinic acetylcholine receptors (nAChRs)

Advances in this area have identified various subtypes of nAChRs with distinct 
anatomical, physiological, and pharmacological characteristics. These ionotropic 
classified receptors act by directly regulating the opening of a cation channel in the 
neuronal membrane. It is important to note that nAChRs present at the neuromus-
cular junction differ from those in autonomic ganglia which are also different from 
those occurring in CNS, as each has its distinct subunit structure. Neuronal nicotinic 
receptors are primarily alph4-beta2 or homomeric alpha7 subtypes. Extensive 
research on these receptors has led to the suggestion of therapeutic potential for 
selective nicotinic receptor agonists in various neuropsychiatric and neurodegenera-
tive disorders, including PD, AD, schizophrenia, depression, pain as well as smoking 
cessation [11–13].
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3.5 Brain distribution of nAChRs

The nAChRs are distributed in various brain regions including the ventral 
tegmental area, hippocampus, prefrontal cortex, amygdala, and nucleus accum-
bens. The two most abundant nAChRs, α7 nAChRs (α-bungarotoxin sensitive) and 
α4β2 (α-bungarotoxin insensitive), are localized in the brainstem, cerebellum, 
mesencephalic structures, limbic system and cortex. The α4β2, the first to be 
pharmacologically characterized, constitutes the principal nAChR subtype in the 
cortex, striatum, superior colliculus, lateral geniculate nucleus and cerebellum. 
The second abundant nAChR subtype, α7 subunit-containing receptors, have 
high expression in the cortex, hippocampus and subcortical limbic regions, and 
are expressed at low levels in the thalamic regions and basal ganglia. Although α7 
nAChRs anatomical distribution differ markedly from α4β2, the two co-localize 
in some areas such as in the superficial layer of the superior colliculus. nAChRs 
are located in pre- and postsynaptic regions well as in extra-synaptic locations. 
Specially, receptors containing the β2 subunit are located diffusely throughout the 
membrane of the neuron.

3.6 Function of nAChRs

Studies from receptor subunit knockout mice have shown that brain nAChRs are 
not essential for survival or for the execution of basic behaviors. They are, however, 
critical for control of several complex behaviors and maintenance of mental health. 
Modulation of presynaptic nAChRs and, less frequently, postsynaptic nAChRs is 
responsible for large number of behaviors and brain functions including locomotion, 
nociception, anxiety, learning and memory, as well as behaviors associated with drug 
abuse and mental illness. Moreover, stimulation of presynaptic nAChRs receptors 
promotes neurotransmitter release including dopamine (DA), norepinephrine (NE), 
serotonin (5HT), glutamate, GABA and ACh.

4. AChRs and inflammation

4.1 Role of nicotinic receptors

It is now recognized that there exists a cholinergic anti-inflammatory pathway 
that acts primarily but not exclusively, through nicotinic acetylcholine receptors. In 
particular, such pathway has been well characterized in peripheral organs such as 
spleen where splenic nerve stimulation leads to release of norepinephrine, which in 
turn, causes release of ACh, where an anti-inflammatory effect is produced [14]. This 
is because abundant nicotinic (α7 nAChR) are expressed in variety of immune cells 
including B cells, T cells and macrophages. Activation of these receptors can suppress 
production of pro-inflammatory cytokines such as TNF- α, IL-1, IL-6 without affect-
ing the anti-inflammatory cytokines such as IL-10. Indeed, several animal models 
such as sepsis, ischemia–reperfusion, and pancreatitis, which are associated with 
elevated levels of pro-inflammatory cytokines, show improvement by vagal stimula-
tion. It is believed that this improvement is mediated via activation of α7 nAChRs 
on macrophages [14, 15]. This contention is further supported by the finding that α7 
nAChRs deficient mice show increased endotoxin-induced TNF-α production, which 
do not respond to electrical vagal stimulation. Because nicotine is a potent activator of 
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nAChRs, including α7 subtype, it was proposed as a potential intervention in control 
of cytokine storm associated with COVID-19 [11].

4.2 Role of muscarinic receptors

A role for mAChRs in inflammatory response is also evident. However, it appears 
that the direction of effect, at least in some tissues such as airway smooth muscle, is 
opposite to that of nicotinic receptor stimulation, in that mAChRs stimulation, leads 
to pro-inflammatory, rather than anti-inflammatory consequence [16]. But, in intesti-
nal epithelial cells mAChRs play an important role in the maintenance of homeostasis. 
Notedly, these cells in addition to absorbing essential nutrients, also prevent the entry 
of foreign antigens (micro-organisms and undigested food) through mucus secretion 
and epithelial barrier formation. Since disruption of the intestinal epithelial homeo-
stasis exacerbates inflammation, mAChR agonists may be of therapeutic potential in 
diseases associated with such disruptions such as inflammatory bowel disease [17]. 
However, it is important to note that unselective activation of mAChRs may have 
deleterious effects on intestinal epithelial barrier function. This is because subtypes 
of mAChRs may have distinct and in some cases opposing effects [17]. Additionally, 
a comprehensive understanding of the ACh network throughout the intestinal tissue, 
including the relationship between muscarinic and nicotinic receptors, is yet to be 
elucidated. In the following section, we concentrate of central interactions between 
these 2 distinct classes of receptors.

5. Nicotinic-muscarinic receptor interactions

5.1 Central Co-localization of nicotinic and muscarinic receptors

The overlapping distributions of nAChRs and mAChRs in the brain is well charac-
terized. Up to 90% of central cholinergic neurons express both types of receptors as 
seen in several thalamic nuclei, the interpeduncular nucleus, the superior colliculus, 
and the cerebral cortex. These overlaps signify important interactions. For example, 
in striatal DA system, nAChRs and mAChRs counteract each other’s effects, in that DA 
efflux is stimulated by nAChRs activation or in contrast, by inhibition of mAChRs [18]. 
Similarly, in corpus striatum, ACh released from cholinergic interneurons can activate 
α4β2 nAChRs mediating release of GABA. This evoked release, on the other hand, can 
be negatively modulated by M4 mAChRs co-expressed on the same GABAergic termi-
nals [19]. Therefore, it appears that some of the counteractive effects of nAChRs and 
mAChRs observed in peripheral organs (described above, see 4.2) also extend to the 
brain. However, exploitation of such interactions is yet to be fully explored.

5.2 Desensitization of nAChRs and effect on mAChRs

Chronic nicotine exposure is associated with a long-lasting desensitization of 
nAChRs, which is both time- and concentration-dependent. In desensitization state, 
an intrinsic property of brain nAChRs, the receptor does not respond to nicotine or 
ACh. Although desensitization may lead to upregulation of nAChRs (an increase in 
the number of receptors), the overall response is diminished. This desensitization of 
nAChRs results in hypersensitization of mAChRs, stimulation of which by a mus-
carinic agonist can lead to electroencephalogram seizures, behavioral convulsions, 
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tremors and inhibition of spontaneous locomotor activity [20]. Moreover, hypersen-
sitivity of mAChRs does not occur after nAChR recovery from desensitization. In 
addition to affecting mAChRs, desensitization of nAChRs also affects the activities 
of other systems. For example, desensitized nAChRs reduce GABA release from 
interneurons leading to disinhibition of pyramidal cells in hippocampus and cerebral 
cortex [21]. Conversely, activation of interneuron nAChRs enhances GABA release 
which inhibits pyramidal cells in these areas.

Interestingly, chronic administration of a mAChR antagonist such as scopolamine 
results in upregulation of cortical nAChRs [22]. Thus, it appears that inhibition of one 
receptor class such as nAChRs via desensitization, or inhibition of the other receptor 
class such as mAChRs via administration of an antagonist, results in upregulation or 
hypersensitization of the second receptor class, possibly as a compensatory mecha-
nism. This fits with the findings that show administration of nAChRs and mAChRs 
antagonists together significantly decreases the development of kindled seizures in 
the amygdala, whereas either drug alone is ineffective [23].

6. Excess ACh

Overall, excess ACh in synaptic cleft results in overstimulation of nicotinic or 
muscarinic receptors, which in turn, result in activation of the glutamatergic system 
and the development of seizures [24]. Other central effects include cognitive impair-
ments (discussed below), as well as motivational, arousal and attentional problems. 
Indeed, this is the mechanism of toxicity induced by organophosphorus compounds, 
including nerve gases, whereby inhibition of AChE causes accumulation of ACh in 
the synapse. Aside from central site, peripheral accumulation of ACh may lead to 
dysregulation in heart contraction, blood pressure, decrease heart rate, increase glan-
dular secretion including saliva, tear, sweat and digestive juices, increase in urination 
frequency, visual disturbance and importantly, inhibition of muscle contraction due 
to nicotinic receptor desensitization. Generation of reactive oxygen species (ROS), 
neuroinflammation are other causes of neuropathies.

Atropine, a mAChR antagonist, is the primary antidote used to counter organo-
phosphate poisoning. However, specific cases of inhibition of nAChRs by atropine 
have also been reported [25]. In order to overcome the effect of organophosphates on 
nicotinic receptors, which can result in muscle weakness, fasciculation and paraly-
sis, pralidoxime (2-PAM) also should be given, as 2-PAM tends to reactivate AChE. 
Interestingly, 2-PAM may also have some muscarinic inhibition, although such effect is 
not clinically significant and hence necessity of co-administration with atropine [25].

In addition, patients with seizures are given benzodiazepine (BZ), which stimulate 
GABAAR. Since BZs are of limited efficacy in overall organophosphate toxicity, it 
is suggested that antagonizing the hyperactivity of the glutamatergic system could 
provide an even more efficacious approach in protecting the brain from permanent 
damage. This may be further helped by adding an anticholinergic agent [24].

7. Nicotinic-muscarinic interaction in memory and cognition

Cholinergic system is implicated in memory and cognition functions. ACh is 
diffusely released throughout the cortex during periods of high attentional demand 
which could act on nAChRs and mAChRs, both of which are critically important 
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in cognitive processes such as learning, memory, attention, and other higher brain 
functions. Manipulation of these receptors exert distinguishable effects on different 
cognitive functions. For instance, working memory is required for remembering 
information that varies unpredictably in time and/or in content. It refers to the cogni-
tive system that holds information temporarily and is important for reasoning and 
decision-making. In contrast, reference memory is a long-term memory that deals 
with the recall of the content and place of an event.

Both mAChRs and nAChRs modulate not only working and reference memory, but 
other indices of cognitive functions such as attention and learning. For example, mus-
carinic M1 receptors in prefrontal cortex [26, 27], and nicotinic receptors, particularly 
α7 and α4β2 receptors, modulate firing of dorsolateral prefrontal cortex excitatory 
networks that underlie working memory function [28, 29]. Moreover, muscarinic 
M1 receptors, may also interact with glutamatergic NMDA receptors in regulation of 
working memory [30].

Several pharmacological studies have attempted to disentangle the role of nAChRs 
and mAChRs in different cognitive domains. Blocking mAChRs by scopolamine 
causes impairment of different aspects of memory processing such as acquisition of 
new information, consolidation of memory, sustained attention, reaction time, as 
well as visual discrimination [31, 32]. Antagonism of nAChRs, on the other hand, 
affects declarative memory (immediate and delayed word recall and delayed recogni-
tion), attention and psychomotor function (reaction time), suggesting that attention 
and psychomotor (reaction time) may be mediated by both mAChRs and nAChRs. 
This contention is further supported by the findings that blockade of both mAChRs 
and nAChRs impair working memory (spatial and non-spatial), short-term memory, 
declarative memory, sustained visual attention, and psychomotor function far more 
than each antagonist alone [33]. Similar observations were also seen in object and 
spatial n-back working memory performance where simultaneous antagonism of 
mAChRs and nAChRs produced greater effect than each antagonist alone [34].

In another cognitive domain, inspection time (IT), a measure of early visual 
information processing speed, it was determined that the efficiency of visuospatial 
attention is sensitive to manipulation by both nAChRs and mAChRs. Simultaneous 
antagonism of both mAChRs and nAChRs induced larger impairments in early 
information processing (in an inspection time task) than antagonism of either recep-
tor alone [31]. Curiously, impairments in early information processing, a hallmark 
feature of diverse neuropsychiatric disorders including schizophrenia and AD, 
may contribute to impairments in other cognitive domains including attention and 
memory. It is of relevance to note that age-related alterations in mAChR and nAChR 
interactions also occur [35]. Hence, several lines of evidence implicate a dysfunction 
of the cholinergic system in cognitive dysfunctions including in AD. This topic is 
further discussed below, mainly in relationship to AD and PD.

8. Glial cells

There are greater number of glial cells than neurons (between five and ten times 
more) in CNS. Different types of cells comprise glia. For example, astrocytes, radial 
glia, and oligodendroglia are of neural origin, whereas microglia are differentiated 
blood monocytes during ontogeny, where neurons develop first, and glial cells 
develop later. Glial cells exert a profound effect on neuronal development by provid-
ing trophic support essential for neuronal survival and are involved in neuronal 
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migration, axon, and dendrite outgrowth, and in synaptogenesis (Figure 2) [36]. 
Below, the role of microglia and astrocytes in AD pathology and the influence of 
cholinergic system on them is discussed in more detail.

8.1 Alzheimer’s disease (AD): microglia

AD, the most common age-related neurodegenerative disease, is characterized 
by cognitive decline in people over 65 years old. Pathologically, AD is presented with 
amyloid-β protein (Aβ) deposition (plaques), abnormal phosphorylation aggregation 
of the microtubule-associated protein tau (tangles), neuroinflammation, oxidative 
stress, and synaptic dysfunction. Neuroinflammation is underscored by microglial 
reaction and increased cytokine production. Microglia are also major sources of free 
radicals such as superoxide and nitric oxide in the brain. Microglia are considered the 
innate immune cells of the CNS and act as brain macrophages. They are mainly found 
in the subventricular and subgranular zone, where under physiological conditions 
self-renew over an organism’s entire lifespan. Microglia are not uniformly distributed 
throughout the brain. A large number is present in the hippocampal dentate gyrus, 

Figure 2. 
Schematic diagram depicting the influence of ACh as well as the roles of mAChRs and nAChRs (primarily 
alpha7 subtype) in microglia and astroglia modulation of pre- and post-synaptic neurons. Note the production of 
ROS and NO by microglia as well as interaction of Aβ with both nicotinic and muscarinic receptors.
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substantia nigra, and parts of the basal ganglia. Interestingly, olfactory telencephalon 
in mice has the largest microglial population.

Microglia differ in size and ramification patterns within and between different histo-
logical layers of the cerebellar cortex. Substantia nigra contains the largest proportion of 
microglia (about 12%) compared to 5% in the cortex and corpus callosum. This regional 
heterogeneity is attributed to the residential environment, especially interactions with 
neurons or neural progenitor cells, as well as intrinsic mechanisms. Microglia are critical 
for regulation of the neuronal network as they support the development, maintenance, 
homeostasis, and repair of the brain by wiping out cell debris and phagocytizing viruses 
and bacteria. There are several stages in microglia morphology and function. For 
example, during the resting state, microglia are sensitive to environmental stimuli such 
as stress that can activate aberrant microglia functioning and lead to neurodegenerative 
and psychiatric disorders. Thus, it is critical to recognize microglial heterogeneity in 
identifying microglia-selectively therapies and uncover the underlying mechanisms that 
activate the reparative and regenerative functions of microglia [37, 38].

Pro-inflammatory microglia (M1-activated state) secrete proinflammatory 
cytokines such as tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, IL-6, and 
inducible nitric oxide synthase (iNOS), which typically lead to dysfunction following 
chronic activation. In contrast, neuroprotective microglia (M2 state) phagocytose cell 
debris and misfolded proteins, promote tissue repair and reconstruction of the extra-
cellular matrix and support neuron survival mediated by neurotrophic factors [39].

AD is also associated with changes in neurovascular unit NVU, a structural and 
functional complex that maintains microenvironmental homeostasis and metabolic 
balance in CNS. Microglia are one of the most important components of the NVU. 
In AD, microglia may also cause blood–brain barrier (BBB) breakdown due to loss of 
pericytes. Pericytes are cells present at intervals along the walls of capillaries and are 
important for blood vessel formation, maintenance of BBB, regulation of immune 
cell entry into CNS and control of brain blood flow. Thus, BBB breakdown can lead to 
infiltration of peripheral white blood cells into CNS, abnormal contraction of cerebral 
vessels and neurovascular uncoupling (Figure 2) [40].

Family history is the second strongest risk factor following advanced age. Twin and 
family studies indicate that genetic factors are estimated to play a role in at least 80% of 
AD [41]. Moreover, autosomal dominant and late onset sporadic AD share a common 
pathophysiology [42]. Numerous sporadic AD risk genes including apolipoprotein 
E (ApoE) and complement receptor 1 (CR1), are highly expressed in microglia and 
affect microglial phagocytosis of amyloid-beta peptides. Actually, during the early 
stages of AD, microglia may provide protection against amyloid accumulation but in 
advanced AD stage they promote neuropathology. Indeed, approximately two-thirds 
of AD patients risk single nucleotide polymorphisms that are exclusively or dominantly 
expressed in microglia. Furthermore, AD is associated with increased microglial pro-
liferation. It is noteworthy that microglia exert a “double-edged sword” effect involving 
neuroprotective or neurotoxic functions dependent on contextual factors as well as 
disease stage. Thus, at the early stage of AD, microglia are involved in clearance of Aβ 
and tau proteins from the brain, whereas in the later stages of AD, sustained microglial 
activation leads to chronic pro-inflammatory state, associated with increase production 
of pro-inflammatory cytokines, reactive oxygen species (ROS), and dysfunctional lyso-
somal deposits, all of which adversely affect neuronal survival by promoting protein 
aggregation and hence causing neuronal damage. Altogether, the findings suggest that 
further characterization of microglia and its detailed role in neurodegeneration, can 
lead to novel therapeutic targets for AD [38, 39, 43].
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8.2 AD: astrocytes

It is believed that astrocytes are involved in many vital cognitive functions, 
including learning and memory. Moreover, astrocytes through production of 
antioxidant and anti-inflammatory proteins are involved in CNS protection. They 
also clean the extracellular environment and facilitate neuronal communication 
and help in maintenance of homeostasis. However, full exploitation of glial system 
as potential development of novel drugs and techniques to reverse oxidative stress 
and/or excess of inflammation that occurs in many CNS diseases, remains to be 
investigated (Figure 2) [44].

In contrast to microglia, astrocytes are brain cells that mainly control metabolic 
and redox homeostasis. Due to their swift response to brain pathology in the initial 
stages of the disease, their activation and differentiation are implicated in the patho-
genesis of multiple neurodegenerative diseases, including AD [45]. Astrocytes play 
an important role in synaptic function, K+ buffering, BBB maintenance and neuronal 
metabolism. For example, BBB disruption occurs in the early stages of AD, which 
is associated with cognitive decline and might accelerate the disease progression. 
Reactive astrocytes denote astrocytes undergoing morphological, molecular and 
functional remodeling in response to pathological stimuli. During AD progression, 
reactive astrogliosis occur. For this reason, it has been suggested that manipulation 
of astrocytes and/or astrocytic biomarkers could be developed in diagnosis and/or 
treatment of AD (Figure 2) [46, 47].

Blood biomarkers have been investigated for the diagnosis, prognosis, and 
monitoring of AD. Although Aβ and tau are primarily blood biomarkers, recent 
studies have identified other reliable candidates such as glial fibrillary acidic protein 
(GFAP), an astrocytic cytoskeletal protein that can be detected in blood samples. 
Indeed, it has been suggested that GFAP levels can be used to detect early-stage 
AD. This is based on observations where GFAP level in the blood was higher in the 
Aβ-positive group than in the negative groups, and in individuals with AD or mild 
cognitive impairment (MCI) compared to the healthy controls [47]. Thus, astrocyte 
activation, accompanied by high levels of GFAP is often observed in AD patients. 
This elevated GFAP occurs around Aβ plaque, indicative of elevated phagocytosis. 
Structural alterations in AD astrocytes including swollen endfeet and soma shrink-
age contribute to disruption in vascular integrity at capillary and arterioles levels. 
Astrocyte endfeet enwrap the entire vascular tree within CNS where they perform 
important functions in regulating BBB, cerebral blood flow, nutrient uptake, and 
waste clearance [48]. Like microglia in AD, astrocytes also are skewed into proin-
flammatory and oxidative profiles with increased secretions of vasoactive media-
tors inducing endothelial junction disruption and immune cell infiltration [49]. 
Regarding biomarkers, astrocytic α7nAChR levels or activity, was recently proposed 
as a marker since this receptor subtype is implicated in instigation and potentiation 
of early Aβ pathology. The same receptors could provide a target for therapeutic 
intervention in AD [46].

Recently, it has been proposed that the term “type III diabetes (T3DM)” be used in 
conjunction with AD as both conditions share similar molecular and cellular fea-
tures. For example, T3DM is associated with insulin resistance and cognitive decline 
(memory deficits) in elderly individuals. Since astrocytes are involved in brain 
metabolism (e.g., glucose metabolism, lipid metabolism), neurovascular coupling, 
synapses, and synaptic plasticity, targeting them might be promising in alleviating 
neurodegeneration in these patients [50].
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8.3 ACh-AChRs: microglia

As mentioned above, neuroinflammation linked to glial function has been dem-
onstrated to participate in the pathogenesis of AD (Figure 2). Moreover, anti-inflam-
matory and neuroprotective properties of ACh in several neurodegenerative disorders 
was also alluded to. More recently, specific influence of ACh on neuroinflammation 
and neurodegeneration in AD was investigated. It was reported that microglia played 
a key role in lipopolysaccharide (LPS)-induced hippocampal neuronal toxicity and 
that ACh, via activation of α7nAChR provided anti-inflammatory and neuroprotec-
tive effects. Furthermore, in neuron–microglia co-cultures, LPS increased the expres-
sion of pro-inflammatory factors, including iNOS, interleukin-1α, and tumor necrosis 
factor-α, and decreased expression of neurotrophic factors such as insulin-like 
growth factor-1, and neuronal apoptosis. However, ACh, via the action of α7nAChR 
on microglia, inhibited LPS-induced inflammatory response and provided neuropro-
tection, which was further enhanced by promoting microglial neurotrophic factor 
production [51]. Targeting microglia in age-related cognitive decline and AD, and 
bearing in mind the heterogeneity of microglia in these conditions and how pharma-
cological agents could target specific microglial states, has been recently reviewed 
[52]. Infiltration of immune cells into the brain might play a role in detrimental effects 
of activated microglia as this can lead to T-cell infiltration, which can induce tauopa-
thy, another marker of AD neuropathology. Interestingly, drugs or antibodies that can 
result in death of microglia, have shown protection against brain atrophy in mice [53].

Microglia may contain both nAChRs and mAChRs. It is believed that a subpopula-
tion of microglia that express functional mAChRs play a role in stroke and AD. These 
microglia tend to expand in these conditions, which are sensitive to blockers of pro-
tein synthesis and correlate with an upregulation of the M3 receptor subtype. Thus, 
carbachol, a mAChR agonist acts as a chemoattractant for microglia and reduces 
their phagocytic activity [54]. In addition to M3 receptor upregulation, there is an 
increased expression of major histocompatibility complex (MHC)-I and MHC-II. 
MHC molecules plays an important role in alerting the immune system to virally 
infected cells [55].

As mentioned above, nAChRs presence in microglia and consisting primarily of 
α7nAChR provide anti-inflammatory and neuroprotective effects. Hence, manipula-
tion of microglial nAChRs and mAChRs may offer a new therapeutic strategy in 
neurodegenerative diseases in general, and AD, in particular.

8.4 ACh-AChRs: astrocytes

ACh and AChRs are present in the brain before synaptogenesis occurs and are 
believed to be involved in neuronal maturation. Astrocytes express mAChRs whose 
activation stimulates a robust intracellular signaling that regulate neurite outgrowth 
in hippocampal neurons, a system intimately involved in cognitive function. In fact, 
stimulation of astrocytes induces the release of permissive factors that accelerate 
neuronal development [36]. Moreover, it was recently demonstrated that M1 mus-
carinic receptors in astrocytes mediate cholinergic regulation of adult hippocampal 
neurogenesis [56].

In CNS, as mentioned earlier, ACh is mainly present in interneurons. However, at 
least two important cholinergic pathways have also been identified. One is the cho-
linergic projection from the nucleus basalis of Meynert (in the basal forebrain) to the 
forebrain neocortex and associated limbic structures, degeneration of which is one of 
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the pathologies associated with AD. The other is a projection from the medial septal 
and diagonal band region to limbic structures, commonly referred to as the septo-hip-
pocampal pathway that is also involved in memory formation [57]. In both cases, both 
nAChRs and mAChRs mediate the effects of ACh, where nicotinic agonists including 
nicotine, have been shown to improve working memory, whereas muscarinic agonists 
may be more relevant to improvement of reference memory [58, 59].

AD patients have a substantial reduction in nAChRs in the cortex and hippo-
campus. Recently, using local cholinergic lesions it was possible to manipulate the 
cholinergic system more finely to determine the role of AChRs as well as nicotinic-
muscarinic receptor interactions that can either synergize or antagonize the behav-
ioral outcomes. Therefore, potential utility of combining selective nAChR subtypes 
as well selective mAChRs on memory and cognition warrants further investigation 
[60, 61]. It is noteworthy that along such selective agonists, manipulation of vesicular 
ACh transporter should also be considered [62].

That astrocytes express nAChRs was mentioned above. These receptors, predomi-
nantly α7nAChR and regulating calcium signaling, are likely mediators of nicotine’s 
effects on morphological and functional changes of the astrocytes [63]. Interestingly, 
nicotine does not induce reactive astrocytosis even at high concentrations (10 μM) as 
determined by cytokine release and GFAP expression in-vitro. In vivo also, nicotine 
induces a change in the volume of astrocytes in the prefrontal cortex, CA1 of the 
hippocampus, and the substantia nigra. These and other findings indicate potential 
use of nicotine in neurodegenerative diseases including AD [10, 64, 65]. However, 
mode of nicotine administration appears to be an important factor in its therapeutic 
application. It is argued that pulsatile (e.g., via inhalation or nasal spray), rather than 
continuous administration of nicotine (e.g., via patch) would likely be effective for 
providing neuroprotection in any neurodegenerative disease [66].

Muscarinic M1 and M4 ACh receptors are also highly pursued drug targets for 
neurological diseases including AD. However, due to high sequence homology in 
M1-M5 mAChRs, selective targeting of any subtype through endogenous ligand 
binding site has been difficult to achieve. Recent discovery of highly subtype selec-
tive mAChR positive allosteric modulators has provided a new frontier in novel drug 
development. However, due to side effects, where M1 mAChR over-activation can 
have detrimental consequences, a drug candidate may need to exhibit a biased sig-
naling profile. In this regard, recent studies in mice suggest that allosteric modulators 
for the M1 mAChR that bias signaling toward specific pathways may be therapeuti-
cally important [67].

9. Parkinson’s disease (PD)

PD, the second most common progressive neurodegenerative disorder, is associated 
with loss of dopaminergic neurons in SNpc that leads to striatal DA deficiency. This loss 
of dopaminergic neurons results in motor deficits characterized by akinesia, rigidity, 
resting tremor, and postural instability as well as non-motor symptoms that might also 
involve other neurotransmitter systems. The non-motor symptoms may involve emo-
tional changes such as apathy, anxiety and depression, mild or severe cognitive impair-
ment, sleep disturbance (either insomnia or hypersomnia), autonomic dysfunction 
affecting bladder (frequent and urgent need to urinate), blood pressure (orthostatic 
hypotension), sweat glands (excessive sweating), sensory dysfunction (feeling of pain, 
loss of acuity in vision and olfaction), gastrointestinal disturbance (constipation  
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and/or nausea) as well as “social symptoms” such as inability to recognize other’s verbal 
and nonverbal cues or produce facial expression.

The neuronal degeneration in PD likely involves several cellular and molecular 
events including accumulation of misfolded proteins aggregates, failure of protein 
clearance pathways, mitochondrial damage, oxidative stress, neuroinflammation, 
immune dysregulation, apoptosis, excitotoxicity, Ca++ dysregulation, autophagy 
and dysbiosis. Implicated in neuronal degeneration are also mutations in genes such 
as Parkin RBR E3 ubiquitin protein ligase (PARK2), Leucine-rich repeat kinase 2 
(LRRK2), PTEN-induced putative kinase 1(PINK1), Parkinson disease protein 7 
(PARK7), and Synuclein Alpha (SNCA) as well as polymorphism in DRD2 gene 
Taq1A (DRD2Taq1A) and DA receptor D2 (DRD2).

PD is believed to be a multifactorial disease, where both genes and environmental 
factors play a crucial role. Old age, starting at 60 years is considered the primary risk 
factor for PD. This risk increases with advanced age. In addition, it is postulated that 
exposure to environmental toxicants such as pesticides, herbicides, and heavy metals 
may increase the risk of PD.

Serendipitously, it was discovered in the early 1980’s that administration of 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), an underground laboratory 
preparation, could result in motor symptom typical of PD. This discovery was the 
impetus to use MPTP, a potent analog of meperidine, an opioid analgesic, as a phar-
macological model of PD. MPTP is metabolized into the neurotoxin MPP+ (1-methyl-
4-phenylpyridinium), which is not only substrate for DA transporter (DAT) but is 
also a potent mitochondrial complex-I inhibitor. Because MPP++ selectively damages 
dopaminergic cells in SNpc, it is commonly used to investigate the mechanism of neu-
rotoxicity and/or development of novel therapeutics. Similarly, rotenone, a pesticide 
that selectively inhibits mitochondrial complex I, is used to generate animal models 
of PD. Finally, exposure to heavy metals such as manganese or iron have also been 
implicated in PD etiology. Interestingly, reduction of iron content was associated with 
a remarkable improvement of the motor and non-motor deficits in an MPTP-induced 
monkey model of PD [12, 13].

Oxidative stress has also been linked with the onset and/or progression of several 
neurodegenerative diseases including PD. In fact, overproduction of reactive oxygen 
species correlates with AD, Huntington’s disease, amyotrophic lateral sclerosis, mul-
tiple sclerosis (MS) and PD [68]. It is noteworthy that oxidative stress and neuroin-
flammation are linked and affect one another [69].

9.1 Treatment modalities for PD

Despite tremendous effort in understanding the causes and/or treatment of 
PD, no cure is yet available. Current medications are geared toward replenishing 
central DA transmission, which can only offer symptomatic relief without dealing 
with the neurodegenerative aspect of the disease. In this case, DA replacement or 
use of DA agonists to directly stimulate DA receptors are the mainstay of therapy. 
Unfortunately, these therapies lose efficacy after few years and in some cases such as 
with L-Dopa treatment, the side effects, commonly referred to L-Dopa-induce dyski-
nesia can be just as bad if not worse than PD symptoms. Thus, to prolong the efficacy 
of L-Dopa, it is combined with carbidopa. Alternatively, DA agonists such as prami-
pexole or ropinirole are used first. Other options include use of monoamine oxidase 
inhibitors, such as selegiline or rasagiline, or catechol-O-methyltransferase (COMT) 
inhibitors, such as entacapone and tolcapone. Combination therapy using multiple 
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drugs with various mechanism of action may also be applied. Non-pharmacological 
interventions may include physical and occupational therapy, repetitive transcranial 
magnetic stimulation (rTMS), and in specific circumstances neurosurgery (i.e., 
deep brain stimulation), which is reserved for those who meet well-defined criteria. 
Moreover, significant effort is devoted in developing regenerative treatments in the 
form of autologous or stem cell-derived grafts as well as viral gene therapies designed 
to replace the function of the neurons that have been lost. Thus, as our knowledge of 
contributing factors and their mechanisms become more clear, potential development 
of novel therapies also become a reality [12, 13].

9.2 ACh: PD

The cholinergic neurons of the mesopontine tegmental area and the basal fore-
brain send projections throughout the brain, regulating many discrete functions. 
Along with dopaminergic loss, cholinergic dysfunction also plays a substantial role 
in many PD symptoms such as cognitive impairment, gait problems, freezing of gait, 
falls, REM sleep behavior disorder (RBD), depression, visual hallucination, psycho-
sis, and olfactory impairment. Thus, cholinergic dysfunction in PD could be contrib-
uting to a specific phenotype. This contention is further supported by the finding that 
a combination of RBD and a history of falls was able to predict combined thalamic 
and cortical cholinergic deficits. Nonetheless, further elucidation of cholinergic dys-
function, particularly in early stages of the disease is warranted [1]. Below, an update 
of our current knowledge regarding cholinergic receptors and PD is provided.

9.3 mAChRs: PD

It is now well-accepted that the striatum is the primary input structure of the basal 
ganglia, which participates in motivational and goal-directed behaviors. Basal ganglia 
output is controlled by local cholinergic interneurons (ChIs) and dopaminergic affer-
ents. In general, the release of the neurotransmitters DA and ACh, acting through 
their respective receptors, elicits opposite effects on medial spiny neurons (MSNs). 
MSNs constitute 90–95% of all striatal neurons, while the remaining population 
consists of local ChIs and GABAergic interneurons in the striatum. Interestingly, a 
novel receptor-receptor interaction (i.e., heteromerization) between DA D2 recep-
tor (D2R) and the muscarinic acetylcholine M1 receptor (M1R) was observed. This 
D2R-M1R complex coordinates a sophisticated interplay between the dopaminergic 
and cholinergic neurotransmission systems. Based on the existence of this heteromer 
within the striatum the use of anticholinergics drugs in the treatment of PD was sug-
gested. Indeed, it was demonstrated that an M1R-selective antagonist could potentiate 
the antiparkinsonian-like efficacy of an ineffective D2R-selective agonist in a rodent 
model of experimental parkinsonism. Overall, the novel D2R-M1R heteromer could 
serve as a specific drug target to alleviate motor deficits in PD but with less side 
effects compared to other drugs [70].

Although giant, aspiny ChIs only represent 1–3% of striatal neurons, they are 
responsible for the highest concentration of ACh in the brain and interact with DA 
inputs to regulate motor function. ChIs possess an intrinsic firing activity referred 
to as autonomous pacemakers which modulate the activities of neuronal afferents. 
ChIs effects are mediated by both mAChRs and nAChRs. As mentioned earlier, the 
excitatory M1-like receptors (M1R, M3 R and M5R) transduce their signals through 
Gq/11proteins, whereas the inhibitory M2-like receptors (M2 R and M4R) are coupled 



49

Central Nicotinic and Muscarinic Receptors in Health and Disease
DOI: http://dx.doi.org/10.5772/intechopen.112447

to Gi/o proteins. The complexity of the striatal circuitry is underscored by the variety 
of DARs, mAChRs and nAChRs, their subcellular location in ChIs and MSNs as well as 
their interaction [70].

Due to the development of improved pharmacological agents targeting specific 
mAChR subtypes, the interest to modulate striatal function by anticholinergic drugs 
has been renewed in recent years. This is due to the findings that pharmacological 
blockade of mAChR subtypes, specifically M1R and M4R, can significantly add 
to other antiparkinsonian treatments. On the other hand, wild-type mice treated 
with M1R-selective agonist (i.e., telenzepine) had reduced anxiety-like behaviors. 
Moreover, mice deficient in M1R- exhibit an increased locomotor activity as well 
as elevated extracellular striatal DA levels. These mice, however, do not exhibit 
impairment in contextual fear condition, a test of hippocampal-dependent learn-
ing. Thus, M1R antagonist can be of benefit in motor impairments, whereas M1R 
agonist can have anxiolytic and, in some cases, (see above) cognitive enhancement 
effects. Moreover, M1R antagonists may suppress D2R-MSNs more efficiently than 
D1R-MSNs, through their interaction with potassium channels. Interestingly, striatal 
D2R-M1R formation might result in further differentiation of M1R signalization 
between the striato-pallidal and striato-nigral neurons. Additional support for recip-
rocal interaction between D2Rs and M1Rs is provided by the findings that systemic 
administration of scopolamine (i.e., non-selective mAChR antagonist) and benztro-
pine (i.e., moderate M1R-selective antagonist) reduce the affinity of raclopride and 
spiperone (both D2R antagonists) for D2R in monkey brains [70].

Thus, it may be suggested that the dopaminergic-cholinergic imbalance, which is 
seen in most movement disorders, may be normalized by a combination of selective 
D2R agonist and M1R antagonist [70].

9.4 nAChRs: PD

The cholinergic system, particularly nAChRs are essential in modulating the stria-
tal cells regulating cognitive and motor functions. Thus, nAChRs stimulation reduces 
neuroinflammation and facilitates neuronal survival, neurotransmitter release, and 
synaptic plasticity. PD is associated with loss of striatal nAChRs, which may aggravate 
the loss of dopaminergic neurons in this area, leading to pathological consequences. 
Additionally, nAChRs activation may also stimulate other brain cells supporting 
cognitive and motor functions [71].

Furthermore, the impairments in DA release observed in various animal models 
of PD (e.g., 6-OHDA lesioned rodents), appear to be exacerbated by loss of nAChRs 
activation. This suggests that DAergic imbalance may be ameliorated by nicotinic 
agonists and hence, nicotinic receptors may offer therapeutic targets for PD. In this 
regard, several in-vitro and in-vivo studies including primates and genetically modi-
fied mice have shown protective effects of nicotine against neuronal damage and/or 
neurotoxicity induced by 6-OHDA, MPTP, rotenone, methamphetamine, glutamate 
and β-amyloid. These effects are mediated via selective nAChR subtypes containing β2 
and α7 subunits. Protective effects of nicotine against endogenous substances such as 
salsolinol and aminochrome that selectively damage dopaminergic cells have also been 
observed. More recently, protective effects of nicotine against toxicity induced by iron 
and manganese were also observed in cell culture. Interestingly, nicotinic cholinergic 
system may also play a role in L-Dopa-induced dyskinesias. Finally. an inverse relation-
ship between PD incidence and any form of nicotine intake such as cigarette smoking, 
smokeless tobacco, exposure to environmental tobacco smoke or even from a dietary 
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source such as peppers, also suggest a therapeutic potential for nicotine in PD. Hence, 
targeting nicotinic cholinergic receptors could be a novel intervention in PD. Nicotine’s 
effects are likely to involve suppression of pro-inflammatory cytokines and stimulation 
of neurotrophic factors as well as suppression of oxidative stress [12, 13].

10. Importance of mode of nicotine administration

Several human studies have assessed the effects of nicotine gum or patch in PD, 
most of which have not yielded positive results. The negative finding in these trials 
is likely due to the mode of administration of nicotine. Thus, it is very important to 
consider the route of nicotine administration, where its subdermal administration via 
patch may not achieve the desirable nAChR stimulation that is obtained via pulsatile 
nicotine administration (e.g., via inhalation). The very complex dynamic interaction 
of nicotine with its receptors, where initial stimulation can be followed by rapid and 
differential desensitization of receptor subtypes, must be critically considered in 
experimental paradigms so that maximal therapeutic outcome may be obtained. It 
may be concluded therefore, that pulsatile stimulation of specific nAChRs in selective 
brain regions such as the nigrostriatal pathway is critical for the therapeutic efficacy 
of nicotine or nicotinic agonists in PD. Pulsatile stimulation of central nicotinic 
receptors may be achieved by currently available nicotine inhaler of nicotine nasal 
spray. The necessity of pulsatile stimulation may explain the negative outcome 
of nicotine patch in PD trials. A recent clinical study using oral administration of 
nicotine (pulsatile), reported positive effects of nicotine on falls and freezing gait in 
PD. Furthermore, pulsatile nicotine preparations in forms of inhalers or nasal spray 
are available and approved by FDA for smoking cessation and could be re-purposed 
for PD pending evaluation of their effectiveness in clinical trials. In addition, pulsatile 
nicotine administration may also be helpful in improving non-motor symptoms (e.g., 
depression or cognitive decline) that are commonly associated with PD [12, 13].

11. AD-PD-MS (multiple sclerosis)

In addition to the co-morbid manifestation of neuropsychiatric disorders with 
neurodegenerative diseases, potential co-morbid occurrence of neurodegenerative dis-
eases such as AD and PD also exists [72]. This might not be very surprising given that 
the neurobiological substrates of one neurogenerative disease such as mitochondrial 
dysfunction, oxidative stress and inflammation may be very similar to another disease, 
except that the anomalies may be confined to specific brain areas and/or circuitries 
in different diseases. However, when there is an overlap or cross-over of circuitries, 
similar phenotypes could be manifested. For example, correlation between cholinergic 
system alterations, oxidative stress-and neuroinflammation in MS has been noted. MS 
is an autoimmune and demyelinating disease of the central nervous system, character-
ized by leucocytes infiltration, demyelination, axonal degeneration and neuronal 
death. As a result of disrupted central communication, different symptoms including 
vision loss, pain, fatigue, and impaired coordination may be manifested.

The role played by ACh in MS has been recently investigated. Cholinergic altera-
tions may contribute to the dysregulated inflammatory processes of MS [73, 74]. 
Whether muscarinic or nicotinic receptor manipulation may be of therapeutic 
potential in MS also, needs to be further investigated.
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12. Conclusion

In summary, ACh has maintained its importance in etiology and progression 
of various neurodegenerative diseases. Although the relevance of mAChRs and 
their exploitation was the predominant mode of cholinergic intervention in various 
disorders, including neurodegenerative diseases, the advent of nicotinic receptors 
and their prominent role in many important CNS functions, including cognitive 
behaviors such as learning, and memory has opened novel therapeutic potentials. 
This is not only applicable to neurodegenerative diseases such as AD and PD but 
also to neuropsychiatric disorders such as depression and schizophrenia. Moreover, 
significant interaction between these 2 distinct classes of receptors occurs. For 
example, as depicted in Figure 2, Aβ, a culprit protein in AD interacts with both 
receptors albeit at different locations and different cells (e.g., neuronal vs. glial). 
Despite notable advancements in our knowledge of these receptors, the complexity 
of cholinergic system in general, and nicotinic system in particular, requires further 
investigation on specific role of receptor subtypes in health and disease. Notedly, it 
is argued that pulsatile administration of nicotine or nicotinic agonists-modulators 
should be considered in any neurodegenerative and/or neuropsychiatric disease. This 
is due to the complex pharmacokinetic and pharmacodynamic interactions of nico-
tine with its receptors, where continuous exposure to nicotine (e.g., via patch) may 
lead to receptor desensitization, whereas pulsatile administration allows functional 
recovery of the receptor and hence further stimulation. As our understanding of 
cholinergic system evolves, more therapeutic targets for neurodegenerative and/or 
neuropsychiatric diseases are anticipated.
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Chapter 4

Modes of Acetylcholine Signaling 
in the Prefrontal Cortex: 
Implications for Cholinergic 
Dysfunction and Disorders
Matthew Fecik and Lisa M. Savage

Abstract

The forebrain cholinergic system is an important mediator of arousal, attention, 
memory, and other cognitive processes. Cholinergic signaling is typically divided into 
two patterns, tonic signaling, which involves sustained changes in ambient acetyl-
choline (ACh) tone over seconds to minutes, and phasic signaling, which involves 
fast changing, spatially specific release of ACh on a millisecond timescale. There is 
evidence to suggest unique functional roles for both types of signaling in the prefron-
tal cortex: phasic release of ACh is thought to be necessary for attentional processes, 
as well as cue detection, while tonic signaling is thought to be involved in regulating 
global arousal states and has been shown to increase with general cognitive demand. 
The differences between these two types of signaling may originate from electro-
physiological properties of cholinergic cell types, distinct muscarinic and nicotinic 
receptor utilization and/or expression, and/or differential hydrolysis of ACh by 
acetylcholinesterase. This review will summarize the current views on the functional 
role of each type of signaling, while the contributions of ACh receptors, hydrolysis, 
and basal forebrain anatomy are examined. Additionally, the implications of these 
factors in ACh signaling will be examined in terms of cholinergic circuit dysfunction 
that occurs in neurodegenerative diseases.

Keywords: acetylcholine, prefrontal cortex, attention, arousal, Alzheimer’s disease, 
alcohol use disorder

1. Introduction

While the role of acetylcholine (ACh) as a neuromodulatory regulator of REM 
sleep, global arousal states, and consciousness in the prefrontal cortex has been known 
for quite some time [1–3], the evidence that ACh also functions as a fast-acting neu-
rotransmitter on a precise spatial and temporal scale to carry out specific cognitive 
operations has only begun to be explored within the past two decades, with progress 
accelerating significantly in recent years [4–6]. Studies elucidating short-duration pha-
sic cholinergic signaling in the cortex have been made possible by the use of techniques 
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for collecting temporally precise data on ACh in vivo, beginning with electrochemical 
detection [7], and more recently including optogenetics and fiber photometry [8–11]. 
Such techniques open exciting new possibilities to advance our understanding of 
cholinergic neurotransmission in the brain, and importantly, our understanding and 
treatment of brain disorders such as Alzheimer’s disease (AD) and alcohol use disorder 
(AUD).

ACh functions in the prefrontal cortex are based on a variety of factors such as 
cortical cytoarchitecture, receptor utilization, cholinesterase activity, and basal 
forebrain anatomy. It is therefore necessary to reevaluate our understanding of the 
literature on disorders of the basal forebrain through the lens of the tonic/phasic ACh 
signaling distinction. The goal of this review is to define what is currently known 
about tonic and phasic ACh signaling in the prefrontal cortex, how the heterogeneity 
between these two types of signaling may arise, review the differences in receptor 
utilization these two types of transmission require, evaluate the role of acetylcholin-
esterase activity in this distinction, and review some of the deficits to each type of 
transmission that occur in both AD and AUD.

2. Modes of ACh signaling and their roles in behavior

2.1 Tonic ACh signaling

Tonic signaling (sometimes referred to as volume transmission) represents the 
traditional conceptualization of cholinergic transmission in the central nervous 
system. In this form of signaling, ACh functions as a slow-acting neuromodulator 
that exerts its effects on timescales of several seconds to minutes or even hours. 
Neuromodulatory ACh originating from the basal forebrain has been shown to be 
involved in functions such as the transition between arousal states, REM sleep, and 
exploratory behavior [2, 12–15]. Tonic signaling tends to lack both spatial and tempo-
ral precision.

Early evidence suggested that “ACh efflux” was not only involved in global arousal 
states but also directly involved in attentional processes and reward-based learning 
[16–18]. An early study using in vivo microdialysis measured ACh efflux in the medial 
prefrontal cortex (mPFC) during a 5-choice serial reaction time task (5-CSRTT) and 
found that in male rats that were well trained on this task, there was increased ACh 
efflux, an effect that was attenuated in rats not previously trained [19]. Interestingly, 
they found that ACh efflux was positively correlated with the number of trials 
completed during the session in which the cue light was illuminated for 5 seconds 
every trial, compared to 0.5 or 0.25 seconds. The authors contribute that this rise 
is dependent on the fact that the longer stimulus may elongate the saliency of the 
food reward and novelty of the task, which has been shown to be dependent on ACh 
[18, 20]. However, a follow-up study demonstrated that the increase in ACh efflux was 
due to the performance of the task alone, as rats whose reinforcement was yoked to 
another subject’s performance rather than their own did not show the same increase 
in ACh efflux, despite also receiving the same pattern of rewards and being exposed 
to the cue stimuli [21]. Later literature would go on to implicate attentional control of 
behavior, particularly cue detection, as a cognitive function dependent on phasic ACh 
signaling, not general ACh tone [9, 22, 23].

Understanding of tonic cholinergic signaling came mostly from studies using 
in vivo microdialysis, in which cholinesterase activity is typically inhibited to ensure a 
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sufficient concentration of ACh for electrochemical detection. This leads to a poten-
tial misunderstanding of cholinergic activity in the frontal cortex, with some suggest-
ing that ACh “tone” may even be a methodological artifact [4]. One of the reasons for 
such a conclusion stems from the seemingly hyperefficient action of AChE, which is 
the main enzyme involved in the hydrolysis of ACh in the synaptic cleft and therefore 
the termination of its action. However, it has been shown that a sufficient volume of 
ACh is able to transiently inhibit AChE [24, 25], leading to further increases in ACh 
that can potentially spill over into the extracellular fluid and increase cholinergic 
tone. Such a mechanism would involve a positive feedback loop in which significant 
quantities of ACh release can inhibit AChE, further increasing the concentration of 
extracellular ACh. However, this inhibition may be short-lived [24, 25], perhaps on 
the timescale of milliseconds, and therefore may cause small “pulses” of spillover 
without hindering fast synaptic phasic signaling at the point of inhibition.

However, the possibility that visual attention tasks require both intact tonic and 
phasic ACh signaling in the mPFC cannot be ruled out, and it is possible that perfor-
mance on these tasks requires an alert attentional state governed by tonic signaling, 
which has been shown to mediate shifts in attention, as well as phasic signaling to 
encode for specific behavioral epochs and serve as an indicator of cue presentation. 
Such a mechanism would have been missed by the microdialysis approaches. Thus, 
the possibility that task performance is reliant on phasic signaling, while behavioral 
engagement is dependent on the ambient tonic signaling that is perpetually present 
in the cortex cannot be ruled out and the delineation of the two is a potential area of 
future research.

2.2 Phasic ACh signaling

Contrasted with tonic ACh signaling, phasic signaling involves much faster time 
scale circuit-specific release. Phasic signaling is thought to be wired, meaning that it 
involves the release of ACh from a single cell that innervates a single cortical cell in a 
highly specific manner [4]. Unlike tonic signaling, it does not involve spillover from 
the synapse into the extracellular fluid, rather it is constrained to the synapse. This 
type of signaling occurs on a much faster timescale—likely that of only hundreds of 
milliseconds. This type of signaling has been implicated in cortical control of atten-
tion, specifically cue detection—the cognitive process needed to determine whether a 
cue that signals a reward is present or not [6].

Based on work using mice, it has been demonstrated that projections originating 
in the nucleus basalis of Meynert (NbM) and substantia innominata (SI), which form 
the NbM complex, send their axons to the mPFC and are necessary for cue detection 
[6]. Particularly, it is thought that these projections are involved in the shift between 
vigilance and cue detection [6]. This is further demonstrated by the fact that disrup-
tion of the mPFC’s cholinergic innervation impairs cue detection, while disrupting 
projections to the other targets of the NbM, such as the motor cortex, yields no effect 
on this task [23]. Phasic ACh signaling in this circuit is likely the causal mediator of 
cue detection, as it has been shown that optogenetic stimulation of the NbM during 
a cue detection task improved performance during cued trials and increased the false 
alarm rate during non-cued trials, suggesting that millisecond timescale cholinergic 
signaling originating in the NbM is involved directly in the encoding of the represen-
tation of the cue in the prefrontal cortex in mice [9].

In addition, there is evidence to suggest that the basal forebrain is involved in 
the formation of stimulus associations in mice. Tu et al. [11] found that cholinergic 
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signaling during associative conditioning can affect the strength of the association 
formed in a time-dependent manner. Although the NbM is commonly cited as the 
primary source of cholinergic projections to the prelimbic cortex (PrL), and injec-
tion of retrograde tracer into the PrL revealed that the greatest source of cholinergic 
innervation originated in the horizontal diagonal band (HDB). Therefore, Tu et al. 
[11] targeted the PrL projections originating in the HDB for optogenetic manipulation 
and found that stimulation during the unconditioned stimulus impaired associative 
learning while inhibition facilitated it. Furthermore, they found that optogenetic 
stimulation during the conditioned stimulus did not affect the strength of associative 
learning, but inhibition lead to impaired learning. This was further accompanied by 
fiber photometry data that show that the level of excitation of the PrL correlates with 
the strength of the memory, such that ACh signaling during the unconditioned stimu-
lus strengthened across sessions. These data suggest that phasic signaling is uniquely 
sensitive to timing, such that the functional role of the cholinergic projections from 
the HDB to the PrL region involves specifically timed excitation, further lending 
evidence for the role of ACh in encoding specific stimulus representations [11].

One of the ways that cholinergic signaling can be achieved on this timescale is 
through the actions of acetylcholinesterase (AChE), which is an incredibly effective 
hydrolytic enzyme, making the local regulation of AChE as one of the ways in which a 
degree of heterogeneity is introduced between tonic and phasic ACh signaling. Local 
expression of AChE may contribute to some of the anatomical heterogeneity between 
tonic and phasic signaling and makes it likely that phasic signaling would occur, due 
to its potent catalytic action. However, this has not been investigated thoroughly 
and represents a future area of inquiry. As cholinesterase activity is likely one of the 
most important regulators of spatially and temporally restricted ACh signaling in 
the prefrontal cortex, our understanding of its spatial distribution in the cortex is of 
paramount importance.

2.3 Tonic vs. phasic signaling: differing viewpoints on the distinction

The presence of such a highly potent catalytic mechanism such as the hydrolysis 
of ACh by AChE has led some to suggest that tonic ACh signaling in the forebrain is 
unlikely to affect behavior at all. In this view, the fact that the rate-limiting step of ACh 
hydrolysis is the diffusion of ACh into the synapse, and not the hydrolytic action of 
AChE itself, is evidence to suggest that ACh is unlikely to travel distances beyond the 
synapse and therefore changes in extracellular ACh concentration is unlikely to be a 
contributor to behavioral events [4]. However, others believe that the tonic/phasic dis-
tinction is an oversimplification and that ACh signaling most likely has both fast and 
slow components that both contribute to behavior. In this view, cholinergic signaling 
varies as a function of anatomy, receptor subtypes, and ACh hydrolysis—and therefore 
the concept of ACh tone may still have some functional role in behavior [26].

While the exact middle ground between these two viewpoints is yet to be deter-
mined, one study demonstrated both relevant tonic and phasic ACh signaling simul-
taneously in the PFC and dorsal hippocampus of mice in an attempt to differentiate 
between their functions. Using electrochemical choline biosensors, Teles-Grilo Ruivo 
et al. [15] demonstrated that tonic ACh signaling during sleep was highest exclusively 
during REM sleep that preceded wakefulness. They also demonstrated that tonic 
signaling was highest as the animal approached a reward in a randomized forced 
alternation T-maze. Additionally, they found that phasic ACh was associated with 
the presentation of the reward, with phasic signaling showing response halfwidths 
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significantly shorter than during tonic signaling. Importantly, they demonstrated 
that both tonic and phasic signaling were highly coordinated between the PFC and 
the dorsal hippocampus, suggesting that not only does such a distinction in modes of 
ACh transmission exist in the cortex, but likely can be extended to the hippocampus 
as well. Should this be the case, the drivers of the distinction are likely to be driven 
by ubiquitous mechanisms such as cholinesterase activity, or some intrinsic property 
of basal forebrain anatomy. Ruivo et al. [15] suggest that their results demonstrate 
that tonic ACh signaling, especially during REM sleep, maybe prepare the mPFC and 
hippocampus for subsequent alertness and later attentional demands.

Additionally, there is electrophysiological evidence to suggest a dichotomy in cho-
linergic signaling in the basal forebrain. Unal et al. [27] demonstrated that there are 
two distinct populations of basal forebrain cholinergic neurons that are distinguished 
by their electrophysiological properties. Early firing neurons were more excitable, 
quicker firing, and had more pronounced refractory periods following firing, while 
later firing neurons were less excitable but more sustained in their ACh release. The 
authors suggested early firing cells may be involved in phasic signaling and therefore 
be important for attention, while the late firing cells may be involved in tonic signal-
ing and therefore more important for global arousal states [27]. This suggests that the 
dichotomy has its roots in electrophysiological correlates.

The above work was later expanded on by Laszlovszky and colleagues [28]. They 
recorded from cells in mice both in vivo and in vitro and determined that basal fore-
brain cholinergic neurons took one of two forms, excitable, burst-firing cells (Burst-
BFCN) and less excitable, rhythmic cells (Reg-BFCN). They found Burst-BFCN cells 
to be more numerous than Reg-BFCN in both the NbM and the horizontal limb of the 
HDB and consisted of two subtypes, ones with regular inter-spike intervals which 
they refer to as Burst-BFCN-SB and ones with Poisson-like inter-spike intervals which 
they refer to as Burst-BFCN-PL. They found that Burst-BFCN cells showed cortical 
synchronicity and fired bursts of action potentials in response to both reward and 
punishment during an auditory cue detection task. Reg-BFCN cells, on the other 
hand, were found to have precise spikes after behavioral outcomes, mainly hits, 
but not false alarms, correct rejections, or misses. Furthermore, there was distinct 
anatomical heterogeneity amongst these cell types, with Burst-BFCN found in the 
anterior basal forebrain and Reg-BFCN cells found in the posterior division [28]. 
These findings offer a unique viewpoint on the current tonic/phasic debate. They 
contend that such a divide between tonic and phasic signaling does exist and has ana-
tomical and electrophysiological origins. Such an explanation seems to suggest that 
tonic ACh signaling has a much greater role in cue detection and cognitive operations 
than would be suggested by Sarter and Lustig [4].

Recently, basal forebrain cholinergic neurons have also been categorized into neu-
rons that express calbindin-D28K (D28K) protein (ChAT D28K+) and those that do 
not (ChAT D28K-). The expression of D28K across the basal forebrain nuclei ranges 
significantly. About 40% of ChAT neurons in the VDB co-stain D28K, relative to 30% 
in the MS, 16% in the HDB, and less than 2% in the NBM [29]. ChAT+ neurons that 
also stain for D28K have fewer processes and a lower firing frequency. Interestingly, 
D28K is a Ca2+ binding protein that may function to protect cells from Ca2+-dependent 
neurodegeneration [29]. This is supported by data that the D28K protein is decreased 
in cholinergic neurons as a function of aging and in AD [30, 31]. Data support that 
cholinergic neurons are a heterogeneous population of cells, and understanding the 
unique profiles of the subpopulations may lead to a better understanding of critical 
behavioral processes they are involved in.



Acetylcholine – Recent Advances and New Perspectives

64

The location of cholinergic neurons is also a predictor of differential function. 
Amongst the cholinergic nuclei that project to the cortex, the HDB (rostral BF), 
and NBM/SI (caudal BF), there is data to support differential function across the 
anatomical location. Early literature on the NbM to prefrontal cortex circuit suggests 
a limited degree of axon collateralization between individual projection neurons, 
which limits the crosstalk between cortical cells and layers [32]. Thus, these circuits 
seem to be suited for phasic signaling, such that limited collateralization allows for a 
degree of spatial specificity that is necessary for wired cholinergic transmission in the 
prefrontal cortex. However, there exists some heterogeneity across species in terms 
of the projection targets of the NbM, such that its innervation of the prelimbic and 
infralimbic cortex has been well characterized in mice, but the data seem a bit more 
nuanced in the case of rats, such that retrograde viral tracing does not show NbM 
innervation of the prelimbic or infralimbic cortices in this species, rather the HDB is 
the key region [33]. Likewise, there is data to suggest that the mouse prelimbic cortex 
receives its primary cholinergic innervation from the HDB as well [11].

Assessing cholinergic activity across the BF anteroposterior axis via calcium 
imaging and ACh-specific fiber photometry, it has been revealed that the more rostral 
cholinergic neurons (HDB) are responsive to pupil change, which marks arousal state, 
reward delivery, and reward omission. In contrast, cholinergic activity in the caudal 
region (NbM/SI) was more responsive to unconditioned cues, delivery of shock, and 
cues that predicted shock [34]. It is therefore possible that the projections of the NbM/
SI to the cortex may be important for salient cue detection and that the projections 
from the HDB to the prefrontal cortex are more critical for appetitive arousal states.

Cortical receptor location within the architectural layers of the cortex may also 
play a key role in the outcome of ACh signaling. In addition to the aforementioned 
factors, evidence for tonic and phasic ACh as distinct behaviorally relevant modes of 
neurotransmission come from the differential roles and actions of muscarinic and 
nicotinic ACh receptors within the cortex [31]. There is some evidence to suggest that 
fast nicotinic ACh receptor (nAChR) mediated signaling is essential for phasic ACh 
signaling in the cortex while muscarinic ACh receptors (mAChR) are involved in slow 
changes in ACh concentration such as during tonic signaling. However, such a distinc-
tion may not be so cut and dry, as there seems to be a degree of muscarinic activity 
needed to perform a cue detection task [35], which suggests that muscarinic receptor 
activity may be needed to regulate global arousal states and “prime” the prefrontal 
cortex for phasic cholinergic signaling.

3.  The contribution of acetylcholine receptors in modulating tonic  
and phasic activity

3.1 Nicotinic receptors

Nicotinic ACh receptors (nAChR) in the cortex have been shown to be essential 
for a number of cognitive functions, such a top-down attentional control of behavior 
and general working memory [36, 37]. Given their fast-acting, ionotropic responses, 
nAChRs are thought to be involved in phasic ACh signaling. Furthermore, given their 
selective laminar expression throughout different regions of the cortex, it stands to 
reason that nAChRs would be selectively expressed in circuits where fast, wired ACh 
transmission is the norm, and in such a distribution that promotes spatially restrained 
and functionally heterogeneous responses to ACh signaling from the basal forebrain. 
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While there is evidence to suggest a role for the utilization of these receptors in phasic 
signaling, the distinction between the role of nAChR in the two modes of cholinergic 
neurotransmission seems to be much more nuanced.

Much of the evidence surrounding the role of nAChRs in fast synaptic ACh signal-
ing is electrophysiological. It has been shown that the activation of nAChRs evokes 
short-latency depolarizing postsynaptic potentials in mouse neocortical pyramidal 
neurons [38], which has been suggested to function as laminar selectivity relative to 
muscarinic function. Furthermore, nAChR activation throughout the cortex seems 
to be layer specific, as Poorthuis et al. [39] showed that nAChR activation leads to 
inhibition of pyramidal cells in the mPFC in layers II and III, but enhanced excitabil-
ity of layers V and VI. Interestingly, their data suggest that the response to ACh in this 
region is dependent on different subunits depending on the layer of the cortex. They 
demonstrated that pyramidal neurons in layer VI exhibit slow inward currents in the 
presence of ACh that are absent in β2 subunit deficient mice and were blocked by an 
antagonist for β2 containing nAChRs and were only occasionally accompanied by α7 
mediated currents. Meanwhile, layer V mPFC pyramidal cells showed an attenuated 
response to ACh in α7 deficient mice as well as following the application of an α7 
antagonist, but not in β2 deficient mice, suggesting differential expression of these 
subunits by layer. They also performed two-photon imaging in cortical pyramidal 
cells of each layer in β2 and α7 deficient mice and found that nAChR-induced neu-
ronal activation is dependent on the β2 subunit when ACh changes in concentration 
slowly, suggesting that not only is the β2 subunit utilized during tonic signaling, but 
also potentially reveals an interesting anatomical phenomena in which layer VI, in 
which β2 containing nAChRs are most involved in, is involved in tonic signaling, 
while layer V may not be [39].

The idea that nicotinic receptors are involved in tonic ACh signaling is an interest-
ing one as well, in that it would stand as evidence against the assumption nAChRs 
mediate phasic signaling exclusively, and that tonic signaling is mostly reliant on 
muscarinic receptors. In addition to its presumed role in the detection of ambient 
ACh, β2 subunit deletion has been shown to impair attentional performance in mice 
[40], suggesting a role of such receptor subtypes in phasic ACh signaling, or at least 
furthering the idea that attentional performance requires some changes in ambient 
ACh levels. Interestingly enough, the deletion of this subunit can also upregulate mus-
carinic receptor excitability to compensate in layer VI of the mPFC, which was also 
seen following the deletion of the α5 subunit as well [41]. The previously mentioned 
study by Poorthuis and colleagues [39] notably blocked muscarinic receptors to 
isolate neuronal responses due to nicotinic activation, meaning that such an increase 
in excitation was masked, and cholinergic tone that would have been detected primar-
ily by muscarinic receptors may have instead bound to nicotinic receptors in layer VI. 
An alternative explanation is that such a mechanism may allow for further priming of 
the cortex to ACh signaling to make up for the reduction caused by subunit deletion, 
allowing for phasic-dependent cognitive processes to attempt to bounce back even in 
the presence of less cholinergic signaling.

In addition to the β2 subunit, it seems the α5 nAChR subunit is necessary for atten-
tion as well, as deletion of the Chrna5 gene, which encodes for the α5 subunit, impairs 
attention [42]. It was also demonstrated that the loss of Chrna5 delays cholinergic 
excitation, such that mPFC layer VI pyramidal cells from Chrna5 deficient mice show 
attenuated onset kinetics but unaffected response magnitude during optogenetic 
stimulation of cholinergic afferents in vitro and that enhancing nicotinic receptor 
affinity pharmacologically can actually restore the typical response to optogenetic 
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stimulation [8]. The authors suggest that α5 subunit containing nAChRs in the PFC 
may be necessary to define a critical window for cue detection, such that a delay to 
their onset results in the animal being unable to properly integrate detected stimuli 
via corticothalamic connections and ends up missing the cue altogether. Another 
interesting factor that may play into the α5 subunit’s role in phasic ACh signaling in 
cue detection is its relative rarity, in that its expression is much less prevalent than 
subunits such as β2 [43], and therefore may be more likely to facilitate spatially 
constrained wired transmission. However, this is yet to be investigated and represents 
a considerable gap in our understanding of the role of the α5 subunit in attention.

One further subtype that has been implicated in attention control, and by 
extension, the role of its dysfunction in cognitive decline, is the α7 nAChR which is 
composed entirely of α7 subunits. This particular subunit has been highly implicated 
in the cognitive decline associated with AD [44–46]. It has been shown that an α7 
nAChR agonist was sufficient to enhance learning speed but not filter distracting 
information, which was instead enhanced by an α4/ β2 agonist, with no effect on 
learning speed [47]. Additionally, it has been shown that performance on the 5-choice 
continuous performance task, a measure of attention in rodents, was improved fol-
lowing the administration of encenicline, a partial agonist to the α7 nAChR, in poor-
performing rats [48]. Due to the fact the dysfunction of α7 has been demonstrated in 
Alzheimer’s disease, it is likely that this particular subtype of receptor is necessary for 
attentional processes in the cortex, in addition to other processes.

3.2 Muscarinic receptors

Muscarinic ACh receptors (mAChR) are thought to be mediators of tonic acetyl-
choline signaling, due to their longer duration of action via G-protein coupled mecha-
nisms that require second messenger signaling. mAChRs are present in the prefrontal 
cortex both presynaptically and postsynaptically [49]. Thus, they would seem to be 
much more suited as receptors of tonic signaling, and likely their longer-lasting dura-
tion of action and the fact that a single muscarinic receptor can have amplified second 
messenger signaling lends itself to the idea that muscarinic receptors are involved 
in relatively slow timescale changes in ACh concentration in the prefrontal cortex. 
Similarly, such a mechanism would be suitable for the detection of relatively small 
concentrations of ACh present in the extracellular fluid during tonic transmission, as 
opposed to the much larger concentration present at the cholinergic synapse during 
phasic signaling [26].

However, there may be a degree of specificity as to which muscarinic receptor 
subtypes are involved in tonic signaling. It has been shown that the Gq-coupled M1 
mAChR, but not the M3 or M5, is essential to the response of pyramidal neurons to 
tonic ACh [35], suggesting a role for only specific Gq-coupled receptors, not all of 
them. This is interesting, as the location of M1 receptors on the dendritic shaft and 
spines of cortical pyramidal cells provides a degree of anatomical evidence for volume 
transmission in the cortex, likely meaning that the M1 receptor’s anatomical distribu-
tion is what favors it toward the detection of ambient ACh over long distances due to 
the fact that cholinergic neurons are not known to make axo-axonic synapses [50]. 
These findings point to a specialized role of muscarinic receptors in detecting global, 
seconds-scale changes in ACh concentration indicative of perisynaptic signaling and 
tonic transmission.

As mentioned previously, muscarinic receptor activation may serve to “prime” 
the cortex for subsequent phasic signaling in such a way that both forms of signaling 
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are necessary for attentional processes to occur. A likely mechanism is via increases 
in cortical pyramidal cell excitability, in which muscarinic receptor activation has 
been shown to alter via the induction of LTD in these cells in the medial prefrontal 
cortex [51]. This is further supported by findings that mice that are deficient in the 
inhibitory M2 muscarinic receptor show enhanced attentional performance, despite 
having impaired object-location learning and spontaneous recognition memory 
[52], suggesting that while the Gq-coupled muscarinic receptors, such as M1, play an 
important role in cortical excitability, the activation of Gi-coupled receptors such as 
M2 may be detrimental to attentional performance. It seems likely that muscarinic 
receptor activation is needed for cue detection and sustained attentional processes, 
as a non-specific muscarinic receptor antagonist is sufficient to impair attentional 
performance on a two-choice visual discrimination task in mice [53]. Likewise, M1 
receptor antagonism impairs performance on a divided attention task in rats, unlike 
antagonism of the M4 receptor which did not [54]. Additionally, the M1-positive 
allosteric modulator TAK-071 has been shown to rescue attentional performance in 
rats with basal forebrain cholinergic cell loss [55]. Such studies suggest that while 
muscarinic receptors may play a role in attentional processes, their role in phasic ACh 
signaling remains unclear.

While it seems that muscarinic receptors are needed for attentional processes due 
to their effects on global arousal states, the dichotomy of tonic signaling being depen-
dent solely on muscarinic receptors while phasic signaling is dependent solely on 
nicotinic receptors is evidently an oversimplification. Likely, the mechanism by which 
attentional control occurs is reliant on both nAChRs and mAChRs, such that mAChRs 
are needed to orient the organism toward the object of their attention, while nAChRs, 
at least the α7 and α5 subtypes, are involved in the response of cortical neurons to 
short timescale phasic ACh release. Thus, both nAChRs and mAChRs seem necessary 
for phasic ACh signaling and its reliant cognitive operations such as cue detection. 
However, mAChRs on their own may be mediators of tonic ACh signaling, and thus a 
degree of tonic ACh efflux is needed to ready the prefrontal cortex for an orientation 
toward a specific stimulus. However, more research is needed to delineate the contri-
butions of each receptor system to tonic and phasic signaling in the prefrontal cortex, 
though the way to do so does not seem immediately straightforward.

4. The role of acetylcholinesterase in tonic and phasic ACh signaling

One of the ways in which tonic and phasic ACh signaling are regulated is through 
the actions of AChE, the catalytic enzyme which hydrolyzes ACh and is thought to be 
the main determinant of the duration of cholinergic signaling. As stated before, AChE 
can hydrolyze ACh nearly as fast as the cell can release it, and thus the high catalytic 
activity of this enzyme is evidence itself of the presence of phasic ACh signaling in 
the prefrontal cortex. However, it has also been hypothesized that this is one of the 
reasons as to why tonic ACh signaling is unlikely to directly contribute to behavior at 
all. Sarter and Lustig [4] state that the fact that AChE is such an efficient hydrolyzer 
of ACh makes it unlikely for synaptic spillover to occur, and therefore tonic ACh as 
measured by in vivo microdialysis may be a methodological artifact due to the cholin-
esterase inhibitors perfused into the brain during the process. However, it has been 
shown that inhibition of AChE by an excess of ACh may occur via the formation of a 
ternary complex [25], which represents one mechanism by which high-ACh concen-
tration can overwhelm AChE and spill over into the extracellular fluid. Therefore, a 
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central role of potentially heterogeneous utilization of AChE during tonic and phasic 
ACh signaling distinction must be considered.

In the brain, AChE is exclusively expressed as the tailed AChET variant. This 
subunit is able to form an amphiphilic tetramer known as G4 AChE, which is facili-
tated by and tethered to proline-rich membrane anchor (PRiMA), anchoring AChE 
to the presynaptic membrane [56, 57]. Acetylcholinesterase is co-expressed with 
markers of cholinergic neurons such as choline acetyltransferase (ChAT) in vivo 
[57], suggesting that AChE is likely expressed in cholinergic cells before undergoing 
tetramerization via PRiMA in the endoplasmic reticulum and being transported 
down the axon [58]. PRiMA likely links tailed G4 AChE to the presynaptic membrane 
via membrane rafts [59]. Interestingly, PRiMA shows robust co-expression with 
M1 muscarinic receptors, which are located postsynaptically, suggesting that AChE 
may originate primarily from cholinergic axons but also intrinsically from neurons 
in the cortex [60]. Additionally, this co-expression may have interesting functional 
implications, however, it may simply be due to the ubiquity of expression of the M1 
receptor in basal forebrain target regions. To date, no studies have looked to colocalize 
PRiMA with nicotinic receptors, making any potential differences in PRiMA recep-
tors between neurons expressing the two receptor types is unknown but represents a 
future area of inquiry.

Experimental manipulations to inhibit the endogenous action of AChE have been 
shown to cause attentional impairments, such as during a five-choice serial reaction 
time task in healthy rats [61], suggesting that inhibition of AChE in healthy subjects 
impairs behaviors likely dependent on phasic signaling. AChE knockout mice have 
been shown to exhibit a variety of motor deficits due to the role of peripheral AChE in 
muscle contraction and thermoregulation [62]. Farar et al. [63] characterized PRiMA 
KO mice on a number of motor and behavioral measures. They found that despite 
only very subtle motor impairments on the rotarod test and the wire task, these mice 
had a nearly 200–300-fold increase in extracellular ACh concentration in the striatum 
as measured via in vivo microdialysis during anesthesia, with none of the thermo-
regulatory impairments seen in mice with a traditional AChE knockout. Additionally, 
these mice were not impaired on the Morris water maze. Interestingly, they found that 
the M1 muscarinic receptor was heavily downregulated across all areas of the brain 
measured, including by approximately 40% in the cortex, with no such decrease in 
the α7 nAChR or β2-containing nAChRs. One interpretation of these results laid out 
by the authors is that these data serve as evidence for the hypothesis that AChE is 
primarily involved in regulating the extracellular ACh concentration, not terminating 
synaptic transmission [63].

Should that be the case, then it is possible that PRiMA knockout mice may have 
deficits in phasic ACh signaling, but not tonic signaling. Thus, the hypothesis may be 
the inverse of what was proposed by these authors, that AChE is primarily utilized 
at the cholinergic synapses of the prefrontal cortex to rapidly terminate ACh signal-
ing, while ACh “tone” represents ACh that escapes this mechanism and is, therefore, 
less active during this form of signaling. This may represent a potential mechanism 
by which attentional and other cognitive impairments occur in disease states that 
alter AChE and disrupt the balance between ACh release and hydrolysis, such as 
Alzheimer’s disease, while leaving other functions that are dependent on tonic signal-
ing unimpaired until later in the disease.

A likely mechanism for which AChE is inhibited at the synapse, as represented 
in Figure 1 is as such: an overabundance of ACh in the synaptic cleft during phasic 
signaling may lead to inhibition of AChE which allows acetylcholine to spill out of 
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the synapse and into the extracellular fluid. This ambient ACh would still be under 
the regulation of AChE, but the enzyme’s location on the synaptic membrane would 
make it more difficult for extracellular acetylcholine to be hydrolyzed, allowing it to 
accumulate in the extracellular space. Therefore, AChE still regulates ACh tone, albeit 
mostly indirectly, through its regulation of phasic ACh signaling. Tonic ACh may 
also be released by non-synaptic terminals, perhaps by specialized basal forebrain 
cholinergic cells [27, 28], and it is the combination of these two mechanisms that are 
responsible for ambient ACh fluctuations.

5. ACh in brain disorders: circuit dysfunction

Reductions in markers for the cholinergic phenotype, such as the expression of 
ChAT, the enzyme necessary for ACh synthesis, are present throughout the basal 
forebrain following both AD and AUD, a consequence that is considered one of the 
hallmarks of both of these disorders in particular. These cholinergic deficits are 
present in two of the main basal forebrain circuits, the projections from the NbM 
complex (NbM, HDB, SI) to the cortical mantle, and the projections from the MS/DB 
to the hippocampus. In both disorders, there is a suppression in the basal forebrain 
cholinergic phenotype. In the case of AUD, there is evidence from animal models to 
suggest that these deficits may not be permanent and can be rescued via the use of 
voluntary wheel running exercise [64], the actions of neurotrophins [65], and the 

Figure 1. 
Proposed mechanism of the regulation of phasic and tonic acetylcholine (ACh) signaling in the prefrontal cortex. 
A. Phasic acetylcholine signaling by the terminals of early firing basal forebrain neurons at cholinergic synapses 
leads to the activation of both postsynaptic nicotinic and muscarinic receptors. The termination of cholinergic 
signaling is mediated by presynaptic membrane-bound acetylcholinesterase (AChE), which hydrolyzes ACh. B. 
High levels of phasic firing, such as during high attentional demand, lead to an abundance of ACh at the synapse, 
inhibiting AChE activity and further increasing the concentration of ACh. C. Synaptic spillover of ACh into 
the extracellular fluid occurs due to transient inhibition of AChE. D. There is also the release of ACh from the 
terminals of late-firing basal forebrain cholinergic neurons, which further increases ACh tone. Extracellular ACh 
is still hydrolyzed by membrane-bound AChE. E. Extracellular ACh travels to distal muscarinic and nicotinic 
receptors within the prefrontal cortex, modulating global arousal states. *created with BioRender.com
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AChE inhibitor galantamine [66]. In contrast, chronic treadmill exercise or voluntary 
wheel running has been shown to attenuate age-related reduction of cholinergic fibers 
in the cortex and hippocampus and improve some learning and memory outcomes  
but has minor effects on the number of ChAT [47] positive neurons [67–69]. However, 
exercise has been shown to improve ACh levels in the hippocampus in an Aβ1–42 
peptide rat model [70]. This does suggest that deficits caused by both alcohol-related 
brain damage and AD may involve a reduction in functional cholinergic neurons, 
leading to reductions in overall ACh signaling, which can be rescued. It, therefore, 
seems likely that in both of these disorders there would be a disruption in either, or 
both, tonic and phasic ACh signaling in the brain.

The drivers of the selective neuropathological vulnerability of cholinergic neu-
rons, across brain disorders, are their large size and extensive projections, which 
require high metabolic expenditures and trophic factors to maintain the considerable 
cytoskeletal surface, as well as the machinery for axonal transport over long distances. 
These morphological properties of cholinergic neurons increase their vulnerability 
to oxidative stress, neuroinflammation, and altered energy homeostasis that occurs 
during aging and disease states [71, 72].

Human clinical data have long supported the role of chronic heavy alcohol use lead-
ing to premature brain aging, as well as a risk for the development of dementia, includ-
ing AD [73–77]. Furthermore, alcohol consumption has been linked to an increased 
risk of dementia in individuals with a genetic predisposition to AD [78, 79]. Recent data 
from preclinical studies demonstrate that the consequences of adult or developmental 
EtOH exposure resemble advanced brain aging or produces accelerated AD-related 
pathology in transgenic models with AD-related transgenes [80–83]. Advanced aging, 
AD, and AUD have some overlapping neuropathological sequelae: upregulation of 
proinflammatory markers, suppressed hippocampal neurogenesis, suppression of 
basal forebrain cholinergic phenotype, and altered pro- and mature NT levels—as well 
as a change in the ratio of Trk to p75NTRs [84–88]. A common pathway for cholinergic 
dysfunction in AD and AUD is the disruption of neurotrophins and their receptors (see 
Figure 2), which may drive additive effects of AD and AUD pathology.

5.1 Alzheimer’s disease and cholinergic dysfunction

The increase in AChE activity in AD has been known for some time, as many of 
the drugs currently available for the treatment of this disease target this enzyme and 
inhibit its activity [89–91]. Cholinesterase inhibition has been shown to increase 
cognitive performance on the Stroop task in human patients with AD, with the degree 
of inhibition directly correlating with performance [92]. In AD, AChE inhibitors 
prolong ACh action, as well as increase the uptake of NGF to improve cholinergic 
neuronal survival [93]. Furthermore, cholinesterase inhibitor therapy in AD improves 
cognitive performance by increasing the activation of frontal cortical circuits as 
determined by fMRI studies [94, 95]. However, only a subset of patients with AD is 
effectively responsive to AChE inhibitors, and cholinergic basal forebrain integrity is 
a key predictor of treatment success [96].

As mentioned previously, it is likely that AChE is needed for both tonic and phasic 
ACh signaling, but is a more immediate causal effector of phasic signaling. It is likely 
that tonic signaling is required to ready the cortex for phasic signaling, and AChE 
inhibition may also work to increase ACh tone and facilitate cognitive performance. 
However, there may be a degree of specificity for phasic signaling when it comes to 
this modulation. Should the hypothesis that phasic signaling is more immediately 
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dependent on AChE than tonic signaling be supported, then modulation of AChE 
should have more of an effect on phasic-dependent processes. However, since tonic 
signaling is likely needed to modulate phasic signaling and vice versa, disentangling 
these two may be difficult experimentally, since the effects that AChE inhibition may 
have on tonic signaling may occur after that of phasic signaling, but still on a rela-
tively short pharmacological timescale.

Likely, a balance between ACh and AChE may be critical to the phasic ACh signaling 
needed for sustained attention. Thus, disorders such as AD disrupt attentional processes 
by dysregulation of AChE, leading to dysfunction of phasic ACh signaling in the cortex. 
It has been shown that presenilin-1 (PS1), the catalytic component of the γ secretase 
complex and therefore the formation of amyloid β (Aβ) [97, 98] affects the processing 
of PRiMA, as was shown by the use of using hamster ovarian cells transfected with 
AChET and a PS1 conditional knockout mouse. They showed that γ secretase inhibi-
tion led to an increase in both PRiMA and AChET and that G4 AChE was increased in 
the membrane rafts in the PFC of PS1 KO mice, representing a potential mechanism 
by which AD pathology imparts alterations to AChE function [99]. Furthermore, PS1 
transgenic mice show increased AChE activity throughout the entirety of the basal 
forebrain, prior to any behavioral deficits, suggesting that AChE dysfunction may be 
one of the first steps in the cascade of pathology associated with AD [100]. This increase 
in AChE activity is typically the therapeutic target of cholinesterase-inhibiting drugs 
such as donepezil, one of the most widely used drugs for the treatment of AD.

Romberg et al. [101] tested 3xTgAD mice, a strain with APPswe, PS1M146V, and 
tauP301L mutations to recapitulate some of the major features of AD in humans, on 

Figure 2. 
Changes in neurotrophins and their receptors that modulate cholinergic cell survival. Both Alzheimer’s disease 
(AD) and alcohol use disorder (AUD) alter the expression and ratio of pro-to-mature nerve growth factor 
(NGF) and brain-derived growth factor (BDNF), as well as the tropomyosin kinase receptors for NGF (TrkA), 
BDNF (TrkB), and p75 receptor. The pro-forms of neurotrophins are potent ligands for p75NTR and can 
induce cell death or loss of cholinergic phenotype when coupled with sortilin. Thus, AUD likely accelerates the 
pathological sequela of AD. *Created with BioRender.com
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a 5-choice serial reaction time task (5-CSRTT) and found that while the transgenic 
mice were able to match wild-type controls in performance early on in the task, they 
would later begin to show impairments across the duration of the task, specifically 
as stimulus duration was reduced, signifying deficits in sustaining attention. These 
deficits were rescued via the administration of donepezil, demonstrating that inhibit-
ing the alterations to typical AChE activity was sufficient to restore similar func-
tioning to wild-type mice, suggesting that this particular task is reliant on AChE to 
modulate cortical cholinergic activity [101]. It is likely that AD, through its upregula-
tion of AChE activity, perturbs the frontocortical circuitry necessary for attention by 
disrupting phasic ACh signaling. Similarly, donepezil was able to reduce scopolamine-
induced omissions during the 5-CSRTT, demonstrating that inhibiting AChE can 
compensate for muscarinic receptor antagonism during this task [102].

Nicotinic receptors have been heavily implicated in the pathogenesis of AD, which 
likely disrupts nicotinic-dependent signaling in the cortex, and as discussed above has 
been linked to phasic signaling. This dysfunction likely originates with the SK family 
of Ca2+ sensitive K+ channels, as treatment with a selective agonist of these channels 
improves the nAChR function [103]. Dysfunction with such circuitry is evident by the 
fact that impairments in sustained attention have been shown using a mouse model 
of AD [104], demonstrating likely deficits with phasic cholinergic deficits, which, 
as mentioned before, is at least partially dependent on the utilization of nAChRs 
in the prefrontal cortex [42, 48]. Additionally, there is some evidence to suggest a 
link between Aβ pathology and nicotinic dysfunction, as it has been shown that Aβ 
prevents nicotine-induced inhibitory signaling, but not excitatory signaling, in PFC 
pyramidal neurons in vitro [105], suggesting that Alzheimer’s disease pathology 
may be disrupting the balance of excitation and inhibition necessary for phasic ACh 
signaling in the PFC. The link between Aβ and nAChR function is further supported 
by data showing that infusion of Aβ increased α-bungarotoxin autoradiography bind-
ing to the α7 nAChR in the frontal cortex exclusively in animals that received weekly 
attentional stimulation, suggesting that α7 nAChR functionality may be impaired 
by Aβ, but regular activation of attentional circuitry can activate compensational 
mechanisms in both the cortex to attempt to restore regular functioning [106].

Similarly, within the cortex itself, there are deficits to muscarinic receptors as 
well, as M1 mAChR’s are being considered as a potential target for treatment [107]. 
However, work using radioligand labeling of human participants with AD has 
demonstrated no changes in M1 labeling in the cortex in AD, only in the dentate gyrus 
[108]. It is possible that despite no changes in M1 expression in the cortex, there are 
still deficits to its typical function, as postmortem analysis of the brains of individuals 
with AD showed reduced G-protein coupling of the M1 receptor in the cortex, despite 
no change in its density [109], mirroring the radioligand results from Scarr et al. 
[108]. It is possible that impaired function of the M1 receptor in AD serves as an indi-
cator of dysfunctional tonic ACh signaling in the cortex, but as mentioned previously, 
the relationship between muscarinic receptors and tonic signaling is not one-to-one, 
and there is likely some contribution of nicotinic receptors to tonic signaling depen-
dent behaviors as well.

5.2 Alcohol use disorder and cholinergic dysfunction

The cholinergic pathology in AUD is similar to that of AD, with some overlap in 
the effects of binge ethanol exposure during adolescence and age-related cognitive 
decline [110]. It is therefore likely that alcohol-related damage to the basal forebrain 
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leads to dysfunction of tonic and phasic ACh signaling as well. Acute ethanol expo-
sure in rats has been shown to lead to deficits in sustained attention, demonstrating 
that phasic ACh signaling in the cortex is likely dysregulated during intoxication 
[111], though the impairments due to acute ethanol likely have to do with the depres-
sive effect of ethanol throughout the entirety of the brain. However, exposure to 
binge levels of ethanol in adolescence has been shown to lead to deficits that persist 
across the lifespan [112–114]. Adolescent intermittent ethanol (AIE) exposure has 
been shown to lead to reductions in ChAT immunostaining in the NbM in adulthood, 
an effect exclusive to rats that are exposed to ethanol in adolescence, but not adult-
hood [115]. This loss of ChAT has been shown to be rescued by galantamine, an AChE 
inhibitor [66]. Likely, this type of alcohol exposure leads to an upregulation of cholin-
esterase activity, leading to overactive hydrolysis of ACh that is making it difficult for 
precisely time-locked phasic ACh signaling to occur, similar to AD.

However, there is some evidence to suggest that overactive AChE is leading to 
some of these deficits in ways beyond its disruption of phasic ACh signaling. It has 
been shown that overactive AChE induces apoptosis in both living mice and cell 
cultures exposed to ethanol [116], suggesting that it is possible that ethanol may 
overstimulate AChE activity and lead to an apoptotic cascade. However, it is unclear 
how this relates to the rescue of alcohol-related deficits to cholinergic phenotype, as it 
has been shown that ChAT cells in the basal forebrain are not dead following exposure 
to binge levels of ethanol in adolescence, but rather are entering a quiescent state that 
can be rescued either via neurotrophins [65], cholinesterase inhibiting drugs [66], or 
voluntary wheel running exercise [64]. The relation between the quiescent state these 
cells take, and the apoptotic mechanism described is yet to be ascertained.

Similarly, AIE has been shown to have effects on tonic ACh signaling in the pre-
frontal cortex. Adolescent alcohol exposure has been shown to attenuate behaviorally 
relevant acetylcholine efflux in the PFC during a spontaneous alternation task, which 
was accompanied by reductions in ChAT in the NbM and the medial septum/diagonal 
band (MS/DB), suggesting that AIE disrupts innervation of the PFC by the basal 
forebrain, leading to a reduction in cholinergic tone [117]. Likely, ACh tone is needed 
during this task to induce a state of general arousal in which the animal is actively 
attenuating to extra-maze cues to determine the arms of the maze it has visited 
already and to avoid visiting the same arms consecutively [13]. Fernandez and Savage 
[112] also demonstrated parallel behavioral impairments, as rats exposed to AIE 
showed deficits on operant attention set-shifting task, a task that has been shown to 
be dependent on the mPFC [118]. The exact role of phasic ACh signaling during this 
task is yet to be investigated, but it is possible that the detection of a visual cue to indi-
cate which of the two levers indicates reward is dependent on a similar mechanism to 
cue detection in the sustained attention task, and the fact that AIE rats are impaired 
on the shift from spatial side reinforcement to a visual cue determining reinforcement 
suggests that these two tasks may be dependent on similar mechanisms. However, 
more work is needed to determine whether phasic acetylcholine signaling is required 
for attention.

Other models of alcohol-related brain damage have shown similar effects on the 
cholinergic system and the prefrontal cortex. For example, adult rats either fed a 
pyrithiamine deficient diet (PTD), given access to ethanol in their drinking bottles 
(CET), or a combination of both (PTD-CET) were shown to have impaired spontane-
ous alternation behavior and reduced ACh efflux in the mPFC during this task, which 
was accompanied by a reduced latency to lever press during a set shift during operant 
attention set shifting despite no impairment in performance [119]. This suggests that 
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there are tonic ACh signaling deficits in this model, as demonstrated by the decreased 
ACh efflux, as well as possible phasic signaling deficits, as the increased amount of 
time needed to make a lever press in PTD, CET, and PTD-CET animals suggests that 
the time course of ACh signaling in PFC is being disrupted. The deficits seen during 
spontaneous alternation during PTD have been shown to be rescued by the AChE 
inhibitor tacrine [120], suggesting a role of AChE overexpression in the pathology 
seen in this disorder, suggesting that overactive AChE, mirroring what is seen in AD, 
is responsible for the tonic ACh deficits. Presumably, these deficits would extend to 
phasic ACh-dependent processes, but they were not tested here. The fact that cholin-
esterase inhibition has such an effect on tonic signaling is interesting, but not surpris-
ing, as while the mechanism proposed within this review suggests that AChE is more 
important for phasic signaling, it is nevertheless required to regulate ACh tone as well, 
exerting its actions both directly by hydrolyzing extracellular ACh and indirectly by 
regulating phasic signaling and synaptic spillover.

Alcohol-related brain damage and AD seem to converge on the cholinergic system, 
and the projections from the basal forebrain to the prefrontal cortex seem to be a set 
of circuits that show particular vulnerability to perturbations. Dysfunction of these 
circuits likely has effects on both tonic and phasic ACh signaling simultaneously, 
and it seems that, at the moment, it would be conceptually difficult to investigate an 
experimental manipulation that would affect one type of signaling but not the other. 
However, it may be possible to determine whether the time course of the impairments 
seen in these two types of signaling differ, such that perhaps phasic signaling is first 
affected by the early cholinergic deficits seen in AD, which later expands to tonic 
signaling deficits later on. This remains to be determined and represents a future 
direction for research into modes of ACh signaling.

6. Conclusions and future directions

As the distinction between the roles of tonic and phasic ACh signaling becomes 
clearer, it is important to understand the specific dysfunction that is occurring in 
both of these types of signaling in the cortex in disorders such as AD and AUD. It 
is likely that these two disorders have effects on both muscarinic and nicotinic ACh 
receptors and that these deficits are part of what is driving the dysregulation of 
the two types of ACh signaling in the cortex. Additionally, the role of AChE in this 
distinction cannot be overstated, as its role in hydrolyzing synaptic ACh may be one 
of the most important regulators of phasic ACh, with its inhibition by high ACh 
concentrations possibly leading to spillover into the extracellular space and therefore 
augmenting ACh tone that is usually otherwise due to a different set of basal fore-
brain cholinergic cells.

The availability of fluorescent ACh sensors for fiber photometry allows for the 
measurement of ACh activity in vivo on a second timescale. Studies in which changes 
to ACh signaling following alterations to normal AChE activity can be assessed and 
are needed to determine the exact role of this enzyme in cortical cholinergic synapses, 
and how its dysfunction relates to some of the deficits seen in common cholinergic 
disorders. Likewise, the contribution of alterations to typical nAChR and mAChR 
function in the PFC to phasic ACh signaling could be investigated using photometric 
methods. Studies looking directly into how tonic and phasic ACh utilize different 
cellular machinery seem to be elusive for now, but further breakthroughs in the field 
could lead to new avenues to address this gap in the literature.
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Furthermore, reexamining AD and alcohol-related brain damage through the lens 
of the tonic phasic distinction may allow researchers to hone in on the exact mecha-
nisms by which cholinergic dysfunction occurs in these diseases and therefore develop 
new treatments. A reconceptualization of these disorders in terms of the mounting 
evidence that ACh in the prefrontal cortex is phasic in regard to many of the cogni-
tive symptoms seen in AD may lead us to a better understanding of how the current 
pharmacological treatments for these diseases work and how to improve them. 
Similarly, updating our understanding of alcohol-related brain damage using this new 
conceptualization of ACh signaling in the prefrontal cortex may lead the field into 
novel treatments and ways to prevent or even reverse cholinergic deficits that arise 
via exposure to heavy amounts of alcohol. Such advancements may be possible with a 
reevaluation of the way that ACh signaling in the cortex contributes to behavior.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 5

Role of Acetylcholine in Chronic
Diseases
Vandana Mohan, Dhirender Kaushik and Komal Arora

Abstract

The complex and extensive network of brain signals plays a vital role in
maintaining physiological mechanisms and homeostasis. Acetylcholine, a chief neu-
rotransmitter of the parasympathetic nervous system, is an important component of
the cholinergic system along with cholinergic receptors, acetylcholinesterase, and
choline acetyltransferase. It is responsible for mediating cell-to-cell communication
and regulates various peripheral and non-neuronal cholinergic signals. Any alteration
in the levels of acetylcholine leads to chronic diseases. Chronic diseases, the leading
causes of disability, require continuing health care, medical attention, and potential
therapeutics. This chapter will cover a brief overview of acetylcholine including its
synthesis and degradation, the cholinergic system, and the influence of acetylcholine
on different chronic diseases including neurological complications, metabolic disor-
ders, cardiac diseases, and immune disorders. Moreover, the mechanistic approach of
acetylcholine in different diseases and the therapies for recovering the levels of ace-
tylcholine will be reviewed in this chapter. Further, this will illustrate the acetylcho-
line interaction with various cells implicated in the diseases. The insights on agonists
and antagonists of acetylcholine and different targets of cholinergic receptors that
could help to design better strategies to control these chronic diseases will also be
provided.

Keywords: acetylcholine, chronic diseases, cholinergic, neurotransmitter,
mechanistic approach, parasympathetic nervous system, treatment

1. Introduction

The most common and significant chemical of the nervous system capable of
performing numerous roles within the anatomical framework of humans is Acetyl-
choline (Ach). In particular, it is termed as a chemical messenger liberated via nerve
cell for broadcasting signals to other neurons and to other generalized cells, for
instance, heart and glandular cells. It is also found at the junctions of neuron and
muscles; on the ganglion of visceral motor system and in the numerous spots in
Central Nervous System. Acetylcholine, the designated expression has been derived
from its structural association as an “ester of acetic acid” and “choline”. Cholinergic
tissues are those that use or respond to Ach present within a body while the chemicals
that interfere with the influence of Ach on the body are referred to as anticholinergics.
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Despite the fact of Ach’s presence in body’s several regions; a myoneural junction has
been marked as a normally linked region. At this region, there is a synaptic association
between efferent or motor nerve cell and myofiber. Ach is also been able to act as a
chemical transmitter between the neurons of pre-ganglion and post-ganglion in an
autonomic nervous system [1].

1.1 Biogenesis, retention, and discharge of acetylcholine

1.1.1 Biogenesis

Acetylcholine is produced from choline and acetyl coenzyme A, its two immediate
precursors. The choline acetyltransferase (ChAT) enzyme catalyzes the synthesis
reaction in a single step.

Cholineþ Acetyl coenzyme A $ Acetylcholineþ Coenzyme A (1)

ChAT was first detected in 1943 in a cell-free based preparation, and which was
cloned and purified from various sources [2]. ChAT purification has enabled the
creation of selective antibodies targeted to a particular antigen. The enzyme, acetyl-
cholinesterase (AChE), synthesized by the cells having the site for choline receptors
and cholinergic neurons, is in control to degrade acetylcholine. The location of ChAT
is mostly present in regions of the brain wherein the production of Ach occurs. ChAT
is localized in the nerve endings within cholinergic neurons, but it is also present in
axons, in which it is transferred out of its production in the cell body. The sub-cellular
fractionation experiments revealed the recovery of ChAT in the synaptosomes and in
the synaptosomal complex suggested the cytoplasmic nature of ChAT [3].

Acetyl CoA is generated from pyruvate, which is created from glucose in the
mammalian brain. It is unknown how acetyl CoA, which is widely considered to be
generated at the inner membrane of the mitochondria, reaches the cytoplasmic ChAT,
and this might be a rate-limiting step.

1.1.2 Retention

Following the production of ACh by ChAT at the nerve terminal, ACh is
transported to storage receptacles [4]. Vesicular acetylcholine transporter (VAChT)
has been cloned and expressed. Because of its sequence, it belongs to the 12-mem-
brane-spanning family of biogenic amine transporters identified in adrenergic nerve
terminals [5, 6]. Remarkably, the transporter gene is situated within an intron of the
ChAT gene, implying the co-regulation of ChAT and VAChT. A proton-pumping
ATPase drives ACh uptake in the vesicle while coupled H+ and ACh counter transport
permit the vesicle to maintain iso-osmoticity and electroneutrality [4].

Vesamicol selectively inhibits Ach transport with an IC50 of 40 nM, inhibits
vesicular ACh uptake [4–6]. Non-competitive mechanism of inhibition was found for
vesamicol which means that it works on a location other than the transporter’s ACh-
binding site. Further, Vesamicol inhibits the induced release of freshly generated ACh
while having no effect on the uptake of choline, synthesis of acetylcholine and high-
affinity choline uptake, ACh synthesis, or inflow of calcium ions. The notion that the
release of ACh is lost as a result of the vesicle’s inhibition of absorption clearly implies
that the vesicle is the source of ACh release. Moreover, Vesamicol also inhibits the
expressed transporter from the cloned cDNA [5, 6].
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1.1.3 Discharge

It is believed that more than 50% of total choline utilized in the production of
acetylcholine, is derived straightforwardly from reprocessing of liberated acetylcholine,
which is metabolized/hydrolyzed by cholinesterase to choline. This metabolically gener-
ated choline is likely to be swiftly absorbed before it diffuses away from the synaptic cleft.
The disintegration of phosphatidyl-choline, which may be accelerated due to local pro-
duction in Ach, is another source of choline. Choline produced from the two mentioned
sources turned accessible to the space outside of the cell which is subsequently taken up
by the nerve ending with high affinity. Due to the fact that choline is not able to cross
blood brain barrier (BBB) when present in plasma, the metabolic origins of choline found
to be more significant in the CNS. Accordingly, in the CNS, elevated choline absorption
into the neurons of cholinergic system is not maximal or is saturated, suggesting the
choline availability as the rate limiting step in the production of acetylcholine.

1.2 Cholinergic system

The cholinergic system consists of organized nerve fibers responsible for
projecting nerve impulses, also known as action potentials through acetylcholine. The
release of acetylcholine stimulates the nerve impulse during transmission. Memory,
selective attention, and emotional processing are among the cognitive activities
connected with the cholinergic system.

1.2.1 Cholinergic projections

The widely projecting and local circuits constitute the cholinergic system. The
extended projections of cholinergic neurons originate in nuclei of basal forebrain and
project throughout the brain. Acetylcholine is transmitted to the cerebral cortex via the
“nucleus basalis of Meynert” and the “diagonal band of Broca”. There are also choliner-
gic connections between the nucleus located in septal region and the hippocampus
located deep into temporal lobe. The local circuitry of cholinergic system inside corpus
striatum (important component of basal ganglia) interacts with neurons of GABA
system and nigrostriatal dopamine system engaged in extra-pyramidal movement.

1.2.2 Cholinergic system: the role in cognition

The cholinergic system has been linked to several cognitive functions such as
memory, attention, memory, and processing of emotions. Research done on humans
and animals indicated that sustained attentional performance has/had been driven by
the cholinergic input from the basal forebrain [7]. In general, cholinergic system
activation aids better focussed ability to retain the relevant stimuli and filter out the
irrevelant ones, but particular projections to the medial prefrontal cortex regulate
anxious reactions to contextual cues acetylcholine influences working memory and
the attentional processes necessary for error detection by regulating arousal and
attention. The cholinergic system is also tightly linked to emotional processing; more-
over, the inputs of cholinergic neurons to the frontoparietal cortex modulate the
direction of attention toward emotional expression. In view of the fact that the system
is governing so many aspects of cognition, diminished cholinergic tone correlated to
Alzheimer’s disease and leads to poor intellectual execution that includes attentive-
ness, memory, attention, and executive functioning [8].
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1.3 Cholinergic receptors

Nicotinic acetylcholine receptors are ion channels that are activated by a ligand.
They are made up of five polypeptide subunits, including 2 α subunits plus β, γ and δ
subunits with its further two subtypes viz. Muscular (N1) and Neuronal (N2). N1
consists of α1, β1, γ, δ (2:1:1:1) subunits in the case of embryo while α1, β1, δ, and ε
(2:1:1:1) in case of adults. N2 possesses 2α, 3β subunits that can form twelve different
combinations of nicotinic receptor subunits. When two acetylcholine molecules bind
to the nicotinic acetylcholine receptor, there exists a change in the internal conforma-
tion of the pentameric structure, forming a trans-membrane aperture that allows the
movement of Na+, K+ (3 sodium ions out of cells while pumping 2 potassium ions into
cells) and Ca2+ ions to pass through. Depending on the intensity of the initiating
stimulation, the transport of these ions will result in cell depolarization [9].

mAchR, known as “Muscarinic acetylcholine receptors” belong to the subfamily of
G-protein coupled receptor (GPCR) complexes, commonly found in brain, bladder,
sweat glands, eye and gland, constitute a single polypeptide chain with 7 distinct
sections organized in an alpha-helical structure. Hydrophobic residues in these alpha
helices permit the polypeptide for spanning the neural membrane about 7 times. The
5th cytoplasmic facing loop along with the carboxy tail of this polypeptide communi-
cates with G-proteins (made of α, β, and γ subunits), also known as secondary mes-
sengers. When acetylcholine binds to the muscarinic receptor, there is a change in its
configuration, prompting the alpha sub-unit for releasing the naturally attached inac-
tive metabolite (purine nucleotide diphosphate consisting of guanine and pyrophos-
phate) called guanosine di-phosphate, GDP and swap this for tri-phosphate molecule
(guanosine triphosphate, GTP). α subunit dissociates from the distinct components (β
and γ) upon binding of triphosphate molecule to alpha component. Further, GTP
collaborate in accompany to other signaling proteins. An inherent activity of GTPase
in α subunit metabolize GTP again to GDP, thus shutting off the second messenger
system over time. Muscarinic receptors have numerous tissue-dependent activities in
the physiological system of humans. These activities could be either of two: STIMU-
LATORY or INHIBITORY due to their utilization of secondary messengers to achieve
the desired results. M2 and M4, the subtypes of Muscarinic receptor, inhibits
adenylate cyclase to function. There is an inhibition of adenylate cyclase by the alpha
component of G protein upon binding of Ach to Muscarinic receptor subtypes (M2 or
M4) that results in decrement of intra cellular cAMP and as there is an essential role of
cAMP in activating/inhibiting the numerous down-stream elements of signaling
pathway, it’s decreased concentration leads to plethora of pitfalls. The actions of M
type subreceptors (M1, M3 & M5) have been carried out via stimulating phospholi-
pase C (PLC). The active complex of G protein communaticate to PLC and activates it
that cause hydrolysation of phophatidyl-inositol to Inositol tri-phosphate (IP3) and di-
acyl-glycerol (DAG). The increase in intra cellular calcium concentration in the cyto-
plasm of the cell is due to the interaction of secondary messentar IP3 with its receptors
located in SER (Smooth Endoplasmic Reticulum) [10].

2. Influence of acetylcholine on chronic diseases

Acetylcholine, being a mediator of cell to cell communication, and responsible for
various peripheral and non-neuronal cholinergic signals. Any alteration in the levels of
acetylcholine leads to chronic diseases. The same has been depicted in Figure 1.
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2.1 Acetylcholine and cardiovascular system

The heart’s purpose is to pump blood to body tissues and organs. Myocardial
infarction, being an index event, causes anatomical and physiological changes in the
heart, called “cardiac remodeling”. These alterations have been seen only at molecular
and cellular stages in the cardiomyocyte. Based on the extent of the damage, cardiac
remodeling may escalate to heart failure and, eventually, death [11]. Despite signifi-
cant efforts in understanding the components implicated in how heart failure evolves,
the mode of action underlying the phenomenon remains unknown.

ACh is secreted in the heart vie para-sympathetic division of the ANS and fre-
quently serves in offsetting the effects of fight/flight system. A highly innervated
heart’s atrial valve activates cholinergic system that reduces heart rate, atrioventricu-
lar contractility, and node conduction velocities. Although ventricles displayed cho-
linergic fibers, however their density within ventricles remain substantially lower
than in the atrium [12].

ACh has been universally considered as the primary neurotransmitter of parasym-
pathetic nervous system since the Otto Loewi experimental times till present day
investigations. The processes involved in its production and release have now been
thoroughly elucidated. The operations of choline acetyltransferase (ChAT), which
converts acetyl-CoA and choline into ACh in the cytoplasm, are required for ACh
synthesis. The vesicular ACh transporter (VAChT) stores cytoplasmic ACh in synap-
tic vesicles, hence the level of ACh discharged is directly related to the quantity of
VAChT. Increased expression of VAChT leads to increased ACh release, whereas
decreased VAChT expression leads to decreased ACh release. Ca2+ promotes the
exocytosis of ACh-filled vesicles by stimulating vesicle fusion with the biological
membranes, permitting ACh to be released into the extracellular environment [13].

Figure 1.
The graphical illustration of acetylcholine effect on chronic disorders.
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ACh, being liberated into the extracellular environment, can adhere to nicotinic
(nAChR) or muscarinic (mAChR) receptors, activating particular signal
transduction series in various types of cells. The muscarinic receptor, a G protein-
coupled receptor, is the most important ACh receptor in the heart. The subtypes of
Muscarinic receptors (M1–M5) seem to be present all across the systemic circulation
and have a range of physiological roles. The most frequent heart’s muscarinic receptor
subtype is type 2 i.e., AChR-M2). The G-inhibitory (Gi) protein is connected to
AChR-M2, whose expression has been thought to counterbalance adrenaline activa-
tion via the G-stimulatory (Gs) protein. Cholinesterases, found in the extracellular
environment, are present numerously in the heart, break ACh molecules quickly.
Incredibly little quantity of ACh persist in the extracellular environment, eliminating
the actions of non-receptor-mediated signals. The high-affinity choline transporter
transports the choline produced by ACh breakdown again to the cytoplasm of the cell
(CHT 1). Considering the fact that ACh-synthesizing cells require choline from the
extracellular environment in order to synthesize ACh, CHT1 activity is a step-limiting
element in ACh production. The ACh release by heart myocytes reliant on the activity
of VAChT. This premise is supported by three pieces of evidence. First, vesicle-like
structures were identified to present together in accompany of VAChT in cardiac
myocytes. Secondly, knocked out VAChT derived heart myocytes from mice have
decreased Ach secretion. Third, ACh was found in the supernatant of in vitro
cardiomyocyte preparations, however absent in VAChT mutant animals (cardiac
specific) [14].

2.1.1 Cardioprotective actions of Ach

ACh is found to protect the heart against a variety of pathological diseases, includ-
ing isoproterenol-induced hypertrophy, hypertension, myocardial infarction, chronic
chagas cardiomyopathy, and angiotensin II (Ang-II)-induced cardiac dysfunction.
Cholinergic signaling was manipulated pharmacologically by using cholinesterase
inhibitors such as pyridostigmine (PYR), surgically by modifying vagus nerve activ-
ity, or genetically engineered mice models to investigate the influence of variations in
cholinergic activity on heart disease development. Cholinergic signaling was modu-
lated pharmacologically with pyridostigmine (PYR), a cholinesterase inhibitor, by
modifying the activity of vagus nerve with surgical procedures, or genetically
engineered mouse models to examine the effect of alterations in cholinergic activity
on the development of heart disease. In infarcted mice, eating improved hemody-
namic measures, autonomic balance, and ventricular dysfunction. Likewise, Gavioli
and colleagues discovered that PYR therapy decreased heart hypertrophy and ven-
tricular dysfunction in two different animal models of hyperadrenergic stimulation.
Even though these research findings consistently demonstrated that PYR therapies
provide cardio protection in various mouse injury models, it could be fascinating to
determine for certain if PYR’s potential benefits have been recognized massively in
human patients. In this spirit, the Alzheimer’s pateints who intake the inhibitors of
cholinesterase are at lower risk of mortality. The study by Li et al. described how
chronic heart diseased rats survived upon the stimulation of vagus nerve. Although
stimulated nerve had no effect on infarct size, it did enhance the functionality of
cardiac cell and decrease hypertrophic cardiomyopathy. It is important to note here
that rats whose nerve got stimulated survived 70% more compared to those that were
not stimulated. Vaseghi et al. demonstrated in another work employing infarcted pigs
that stimulated vagus nerve enhanced the “rest and digest” system and decreased
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abnormal heart rhythms of the ventricles, most likely by stabilizing the infarct border
zones [15].

In conclusion, growing evidence suggests that cardiac cholinergic transmission
(both neuronal and non-neuronal) has a biological purpose in damaged conditions,
despite the fact that considerations for every ACh generator to recovery remains to be
firmly defined yet.

2.2 Acetylcholine and neurodegenerative diseases

2.2.1 Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative, inevitable, progressive disorder
that affects memory, thinking behavior and other potential activities, the early symp-
toms of which include trouble in recalling recent talks, names or events; depression;
lack of interest (apathy) and later signs are confusion, hindered communication,
disorientation, behavioral changes and poor judgment [16]. Because the cholinergic
system is disrupted in this condition, the “cholinergic hypothesis” was proposed.
Cholinergic innervation may be disrupted even in the early stages of Alzheimer’s
disease, according to researchers. Neurons of nucleus basalis are especially vulnerable
to this degradation. It is widely accepted about the functionality of cholinergic system
that could be increased utilizing the Nicotinic/muscarinic receptor agonists and
antagonists, thus these two approaches have been into action to treat Alzheimer
disease. The hyperactivity of AChE produces a drop in the levels of Ach, leading to
cholinergic system degeneration. The usage of acetylcholinesterase inhibitors may
enhance a patient’s life; however, these medications are merely indicative, meaning it
results in the delaying of symptom onset, thus cannot be considered as definitive
treatment. AChE activity assessments is of little relevance in the initial phases of the
disease since only a small reduction in its effects has been seen. AChE is found in both
the main cleft and the postjunctional fold, however the majority of it is found in the
basal lamina. The location of AChE is in close proximity to the surface of a muscle as
compared to the pre-synaptic layer present in the main cleft, but it is present along the
whole stretch of the postjunctional fold, reaching its highest concentration down past
the fold. According to research, the alterations in early AD are presynaptic. This is
consistent with prior research, which found that AChE activity declines very little in
early illness. Neuronal apoptosis occurs over time in Alzheimer’s disease. AChE may
potentially have a role in this. The tissues having more concentration of AChE are
more vulnerable to apoptosis. In one of the study Tau Glycoge synthase kinase 3
(GSK3) was activated by the transfection of N-AChE-S in cell culture. GSK3 caused
the tau hyperphosphorylation and apoptotic induction [17]. The amyloid hypothesis is
another effort to explain the etiology of AD. Its supporters claim that the illness is
caused by the buildup of protein called beta amyloid (AB) in brain. It is also thought
about the neurodegeneration and symptom manifestations by these AB deposits.
Amyloid beta is neurotoxic to mature neurons, causing them to die. Amyloid beta is
generated by proteolysis of amyloid precursor protein (endosomal/lysosomal/at the
plasma membrane surface) (APP). This process is triggered by the presence of alpha
secretase (unit of preselin 1). AChE has also been found to participate in beta amyloid
buildup. AChE has variable sensitivity to inhibitors in Alzheimer’s disease, inhibited
by indoleamine and bacitracin [18]. Furthermore, this enzyme can directly commu-
nicate with beta amyloid. The amyloid beta-AChE complex is more hazardous to the
brain than only the aggregates of beta amyloid [19].
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2.2.2 Parkinson’s disease

Parkinson’s disease (PD) is a kind of neurological disorder. After Alzheimer’s
disease, it is the second most prevalent neurodegenerative disease. This illness is
hypothesized to be caused by Lewy body (LB) and neurite aggregates. They accumu-
late inside “substantia nigra” (SN) & gradually degenerate the system producing
dopamine neurons via neuronal destruction. The manifestations arise after half of the
neurons deteriorate. Parkinson’s disease also results in the malfunctioning of the
cholinergic system, causing weakening of Meynert basalis nucleus, other cognitive
disfigurements and hence dementia. Cholinergic deficiencies are more evident in
Parkinson’s disease than in Alzheimer’s disease [20]. AChE activity decreases
significantly with Parkinson’s disease. This decline is due to the degeneration of
cholinergic neurons which has decreased independently of any movement action and
illness severity. Dementia patients have greater impairment in AChE activity.
The individuals who were not reported with dementia but with a lower
concentration of AChE in outer layer of the cerebrum have been found to have low
intellectual disability, which coincides with the degradation of neurons producing
choline. This association, though, varies. The number of cholinergic terminals was
reduced in around one-third of the individuals. An association of various brain’s areas
in Parkinson’s disease results in a wide range of apparent symptoms. The vulnerability
of degrading choline-producing neurons of neo-cortex is more in men as compared to
women [21]. An early buildup of α-synuclein in cholinergic neurons in the basal
forebrain has been linked to the development of LB and neuronal loss in the SN. AChE
activity was also shown to be decreased in individuals with early Parkinson’s disease
dementia, namely in the cerebellar medial occipital cortex. This is the location with
the most cholinergic denervation. Cholinergic denervation adds to depressed symp-
toms in Parkinson’s disease. It becomes more obvious, however, when the patient also
develops dementia. βA deposits are also significant in the pathogenesis of Parkinson’s
disease. As previously stated, AChE may play an essential role in deposition of βA in
the brain. It is probable that it will also improve Amyloid beta aggregation in
Parkinson’s disease. Postural instability and gait difficulties are motor subtypes in
Parkinson’s disease (PIGD). This kind of Parkinson’s disease is distinguished by a
limited sensitivity to dopaminergic medications. PIGD is one of the elements that
contribute to the development of dementia. This subtype frequently has an accumu-
lation of βA in the brain, which magnifies cognitive deficits in addition to those
attributed with PIGD. It has also been demonstrated that βA deposition in Parkinson’s
disease patients might independently worsen apathy. In these cases, there was a strong
association betweenβ A binding and apathy [22]. βA might be deposited in both the
cerebral cortex and the striatum. Gait disruption in Parkinson’s disease is linked to
cholinergic deficiencies in the basal forebrain and an increased risk of cognitive loss.
Gait speed was correlated in patients with cholinergic and dopaminergic degeneration.
Furthermore, cortical AChE activity was lower than normal in certain cases. Impaired
postural control and gait abnormalities are related with pedunculopontine nucleus
dysfunction. Increased postural sway is related with reduced cholinergic innervation
of the thalamus and, as a result, lower AChE activity. In Parkinson’s disease, p-tau is
also deposited. Deposition of this molecule/protein have been found in the olfactory
bulb of up to 80% of Parkinson’s disease patients. Its buildup is most likely linked to
cognitive deterioration and the progression of dementia in patients with idiopathic
Parkinson’s disease. AChE increases the formation of p-tau in the brain.
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Acetylcholinesterase, furthermore, contribute significantly to the development of
ocular disorders. The favorable effect has been observed on retinal development after
inhibition [23]. Visual abnormalities occur in Parkinson’s disease, with reasons span-
ning from the retina to higher cortical parts of the brain. Dopamine insufficiency is
assumed to be the primary cause of the retinal alterations. Furthermore, it is not ruled
out that AChE may have a role in the pathophysiology of ocular abnormalities in
Parkinson’s disease. Several mutations, including those in the LRRK2 and DJ-1 genes,
can alter the course and onset of Parkinson’s disease. In hereditary Parkinsonism,
mutations in the LRRK2 gene are prevalent. It is passed down in an autosomal domi-
nant manner. In clinical practise, this type of Parkinson’s disease is not distinguishable
from idiopathic Parkinson’s disease. LRRK2 is involved in inflammation. The activity
of AChE in carriers of this mutation was compared to that of AChE in individuals with
idiopathic Parkinson’s disease. AChE activity was shown to be considerably greater in
LRRK2 gene mutation carriers. This is consistent with patients who carry this muta-
tion having a shorter illness course and hence fewer severe non-motor symptoms.
Enhanced AChE activity has been linked to increased neurotransmission at choliner-
gic synapses in the thalamus and cerebellar cortex. It is true that oxidative stress plays
a crucial role in the etiology of Parkinson’s disease. Its primary cause is glial cell
activation. AChE receptor is the most likely type responsible for oxidative stress.
Stress causes an increase in AChE by increasing the expression of this type. The rise in
AChE-R is mostly due to astrocytes. In Parkinson’s disease, AChE is implicated in
neuronal death via apoptosis [24]. AChE expression increased in PC12 model cells for
Parkinson’s disease and SNpc in a mouse model. A lack of the enzyme reduced
dopaminergic neuron death.

2.2.3 Huntington’s disease

Huntington’s disease (HD) is another neurological disorder. It is passed down to
progeny as “autosomal dominant” manner. The trigger in IT15 gene (found on the
short arm of chromosome 4) results in HD. Mutated IT15 gene encodes “Huntingtin”
(HTT) protein that builds up inside tissues, causing the deterioration of nerve cell,
which eventually leads to death. The mutation increases the amount of “CAG repeats”,
that causes the prolonged chain of glutamine (Q) giving polychain Q of greater than 36
toward its anionic terminal. The number of repetitions is inversely proportionate to the
age at which the sickness manifests itself. After around 15–20 years, the condition
causes cachexia and death. Chorea-like motions, cognitive impairment, and mood
disturbances are among the symptoms [25]. It has been discovered that in HD, there is
a decline in the production of genes and proteins in this system, rather than a loss of
cholinergic neurons. It was demonstrated that AChE activity was lowered in mouse
models of HD (R6/1), and as a result, they showed cognitive abnormalities in the
middle stage of the illness. Activation of microglial cells has been observed in the
carriers of mutation that can be diagnosed 15 years prior to the beginning of HD.
Furthermore, activation of these cells coincides with striatal neuron dysfunction. By
secreting proinflammatory cytokines, microglia may activate A1 astrocytes [26]. Fur-
thermore, it has been demonstrated that thalamostriatal degeneration may lead to
dystonia in HD. It has also been proposed that the cholinergic system is implicated in
dystonia. Cholinergic transmission has been established repeatedly in HD. However, it
has been proposed that therapy with AChE inhibitors is not recommended in HD [27].
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2.2.4 Multiple sclerosis

Multiple sclerosis is an usual de-myelinating disorder of the central nervous system
(CNS). Multiple, diffuse autoimmune inflammatory alterations contribute to myelin
and oligodendrocyte destruction in SM. T-lymphocytes (mostly CD8+) dominate the
inflammatory cell infiltrates. Neurotransmission has been disrupted. Axons are pre-
served at an initial phases of illness, but they have been irreparably destroyed with
increasing time. Inflammatory alterations are dynamic and occur mostly in the
substantia alba, also called as white matter. Remyelination occurs at all phases of SM,
although mostly during the quiescent period [28]. SM causes a rise in
proinflammatory cytokines. AChE activity was shown to be higher for those that
possessed this condition compared to the reference healthy population. The effect of
AChE has been linked to low levels of ACh and persistent inflammatory diseases.
According to investigations, periphery acetyl-cholinesterase action has been a supple-
mentary metric for assessing the “non-neuronal cholinergic system’s” functionality in
inflammation regulation. The patients suffering from relapsing-remitting SM type
(RR-SM), lower ACh levels were associated with higher levels of pro-inflammatory
cytokines such as IL-17 and IL1 in both CSF and blood. There is an inverse relation
reported between the Ach and AChE in RR-SM patients. More the activity of AChE,
less the level of Ach. Furthermore, AChE transcript expression increased. When the
individuals with RR-SM were differentiated by the reference group, the enzyme level
rose by more than 60%. The enhanced serum AChE activity was caused by its G4
form. Every element that is required for the production of Acetylcholine was
unchanged in SM patients, demonstrating that cholinesterases are to blame in gener-
ating low levels of Ach. Moreover, greater effect of AChE was linked to elevated
concentrations of variety of interleukins (IL-12, 18 and 23) and Tumor necrosis factor.
The inflammation of myelin sheath promotes cholinergic dysfunction, which contrib-
utes to SM. Because ACh levels alter cytokine levels, uncontrolled metabolism of
acetylcholine could be an another pathogenic cause of SM [29]. An imbalance of
cholinergic activity has also been detected in the hippocampus of SM patients. This is
consistent with some persons experiencing a range of cognitive deficits as a result of
this medical issue. In the hippocampus of the patients investigated, ACh levels were
lower, ChAT activity was lower, but AChE activity remained same. These diseases
may be caused by hyper action of AChE in proportion to the chemical messenger
(Ach). Another research found that AChE activity remained constant upon comparing
to the reference population. Individuals suffering from SM, on the other hand, showed
considerable intellectual disability already. The hike in glial AChE levels has been
hypothesized for the cognitive decline that compensated for neuronal AChE’s drop.
That might explicate the negative association between AChE activity and the neuro-
psychological examination results, that could suggest a increased response of glial cells
in individuals with larger cognitive impairments, according to these researchers. Fur-
thermore, cholinergic equilibrium within AChE & ChAT has been well recognized
during the remission period [30]. There is a rise in ChAT and a reduction in AChE at
this stage of SM. This balance is reversed in the acute phase of the illness, with AChE
hike and reduced ChAT.

2.2.5 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurological disorder. The degeneration of
nerves occurs in the brain stem, pathways of the cortico-spinal route, and in the horn
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cells of the anterior region, which results in manifestations that are either motor or
non-motor. However, the illness’ etiology is still unclear. ALS is more prominent in
individuals of ages between 50 and 75 years. The risk of ALS reduces beyond the age of
75 years. Neuronal loss was accompanied by the responses of inflammation entailing
the growth of microglial and astrocytic cells in both ALS patients and animals. The
defining hallmark of ALS is accumulation of the malfunctioning protein, TDP-43. This
protein is generally found in the nucleus of the cell. TDP-43 abnormal folding results
in the deposition of aggregates in the cytoplasm, resulting in the motor deficits and
disrupted transcriptional process. The condition begins locally and later spreads
[31, 32]. This enzyme was created as a consequence of overactive motor neurons. An
inflammatory response is prevalent as ALS progresses which leads to an increase in
pro-inflammatory cytokines including Interleukins (IL-1, 6), Tumor necrosis factor-
alpha, and Interferon alpha [33]. Further, in ALS, there is a presence of microglial cells
and reactive astrocytes. Excessive oxidative stress is also present in ALS [34]. R-AChE
plays an important function in oxidative stress; however, its source might be reactive
astrocytes. This molecular type of AChE may have a role in the development and
pathophysiology of ALS.

2.3 Acetylcholine and metabolic diseases

2.3.1 Diabetes

Type 1 diabetes (T1D) is an autoimmune condition characterized by autoreactive T
lymphocytes destroying insulin-producing -cells in the pancreatic islets of
Langerhans. The illness begins with the loss of -cells in individuals with a genetic
predisposition and under particular environmental conditions, followed by the
migration and activation of inflammatory cells (T and B cells, myeloid, and natural
killer cells) to the islets, resulting in insulitis [35]. The vagus nerve innervates the
pancreas via parasympathetic nerve terminals that produce the neurotransmitter ace-
tylcholine (ACh). ACh, in turn, can bind to the nAChRs and mAChRs expressed on
pancreatic cells, controlling pancreatic metabolic activities such as glucose homeosta-
sis. Increased vagal activity stimulates insulin production by activating mAChRs on
pancreatic cells. Although -cells appear to express a variety of muscarinic receptor
subtypes, M3 mAChR is the most numerous and the one that mediates insulin release.
M3 mAChR of pancreatic cells deficient mice had poor glucose tolerance and consid-
erably lower insulin secretion. Mice overexpressing pancreatic M3 mAChR, on the
other hand, had increased glucose tolerance and insulin production. There is addi-
tional evidence that pancreatic -cells functionally express distinct nAChR subunits
although the role of these receptors in -cell function is still debated. While some
studies found that nAChR agonists had no effect on hyperglycemia or -cell function,
others found that administering particular 7nAChR agonists lowered hyperglycemia
in diabetic animal models [36]. The vagus nerve also connects the central nervous
system and the immune system via the cholinergic anti-inflammatory pathway, where
ACh inhibits the production of pro-inflammatory cytokines (TNF, IL-6, HMGB1),
reducing the inflammatory response in sepsis and inflammatory disorders. The
7nAChR, in particular, has been linked to the suppression of pro-inflammatory cyto-
kine production by macrophages, as well as other immunological processes such as T
cell death and the suppressive activity of T regulatory cells. In addition, the presence
of a cholinergic system in non-neuronal cells, including immunocompetent cells, has
been well established. These cells include the enzymes choline acetyltransferase
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(Chat) and acetylcholinesterase (AChE), as well as the choline transporters required
for ACh synthesis. Furthermore, immune cells express both muscarinic and nicotinic
ACh receptors, suggesting that the cholinergic system is involved in immune response
control. The 7nAChR is expressed on neutrophils, macrophages, B and T cells, and
dendritic cells, as well as enterocytes, endothelium, and microglial cells, and has been
linked to the pathophysiology of autoimmune disorders. Activating the cholinergic
nerve system with particular acetylcholinesterase inhibitors (AChEI) prevents the
occurence of hyperglycemia and experimental diabetes [36].

2.3.2 Diabetes heart disease

Diabetes heart disease (DHD) is the leading cause of mortality in diabetics,
accounting for more than 80% of fatalities. This high fatality rate is notable in light of
major advances in modern health-care systems and diabetes therapy. Insulin sensitiv-
ity and metabolic disturbances in type 2 diabetes mellitus (T2DM) restrict glucose
homeostasis in the heart by downregulating the expression of glucose transporter-4
(GLUT-4). Continued exposure to metabolic changes worsens vascular permeability,
leading to coronary artery disease (CAD) and coronary microvascular disease
(CMVD). CAD and CMVD reduce coronary artery blood circulation and myocardium
perfusion, increasing heart muscle stress and promoting the onset of DHD [37]. Prior
literature has shown that cardiomyocytes have a robust inherent cholinergic machin-
ery called the non-neuronal cholinergic system (NNCS). The NNCS in
cardiomyocytes is made up of many components that work together to keep acetyl-
choline (ACh) homeostasis and allow ACh to serve as an autocrine/paracrine media-
tor. These components are choline acetyltransferase (ChAT) to synthesize ACh;
choline transporter1 (CHT1) for the reuptake of choline into the cardiomyocytes for
ACh synthesis; vesicular ACh transporter (VAChT) to store and release ACh; acetyl-
cholinesterase (AChE) to degrade ACh in the extracellular space as well as type-2
muscarinic ACh receptor (M2AChR) for ACh binding and signal transduction. ACh
secreted by cardiomyocytes functions as an autocrine/paracrine mediator. Its interac-
tion with M2AChR activates the pro-survival phosphatidylinositol-3-kinase (PI3K)/
protein kinase B (Akt)/hypoxia-inducible factor 1-alpha (HIF1) signaling cascade. It
has been observed that activating this pathway increases the activation of downstream
effectors such as (1) glucose transporter-4 (GLUT-4) to promote glucose absorption
and energy preservation and (2) vascular endothelial growth factor (VEGF) to pro-
mote angiogenesis. However, the role of cardiac NNCS in DHD pathogenesis is
uncertain. This is especially important since diabetes is linked to impaired glucose
homeostasis, cell survival, and angiogenesis [38].

2.3.3 Adipose tissue dysfunction (obesity-related diseases)

The nicotinic acetylcholine receptor 3 subtype (3-nAChR) is essential for control-
ling inflammatory responses. Inflammation causes adipose tissue malfunction, which
raises a likelihood of cardiac and metabolic illness.

Obesity is now recognized as a key contributor to a variety of chronic illnesses,
incorporating inflammatory & blood-vascular & disorders [39]. Increase in the body’s
most efficient energy storage tissue called White Adipose Tissue (WAT) leads to
obesity because of the fact that WAT produces adipokines. These adipokines are
responsible for several pathological processes like inflammation and insulin resistance.
Furthermore, obesity causes aberrant productions of inflammatory cytokines and
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other adipokines from WAT, which can be interpreted as adipose tissue malfunction.
Obesity-induced adipose tissue dysfunction always results in persistent low-grade
inflammation, which frequently leads to poor organ connections and metabolic
abnormalities in various tissues. Indeed, adipose tissue inflammation has been linked
to cardiovascular disease and insulin resistance. Diverse adipokines generated by
adipose tissue can also alter liver, skeletal muscle, and cardiac functions. Nicotinic
acetylcholine receptors (nAChRs) are integral membrane proteins that are members
of the ligand-gated ion channel superfamily that mediates and/or modulates cellular
signaling. nAChRs are generated in mammals by the assembly of particular combina-
tions of five transmembrane subunits chosen from a pool of 16 homologous poly-
peptides (α1-7, α9-10, β1-4, δ, ε, γ). Various physiological activities may be mediated
by nAChRs assembled with different subunits. It has been proposed that nAChRs,
particularly 7-nAChR, play a key regulatory role in the cholinergic anti-inflammatory
pathway. The role of nAChRs in regulating adipose tissue functions has also been
investigated. TNF- alpha (tumor necrosis factor) production from adipocytes was
lowered by activating nAChRs, indicating that nAChRs may alleviate adipose inflam-
mation. Bai et al. hypothesized that in high-fat diet-fed ApoE/mice with 3-nAChR
blocked and in IL-6-stimulated adipocytes with α3-nAChR gene silenced, the pro-
ductions of leptin, resistin, triglyceride, cholesterol, and low-density lipoprotein were
significantly increased, but the generations of adiponectin and high-density lipopro-
tein were significantly deceased [40]. Meanwhile, inflammatory cytokine production
was significantly increased. Furthermore, JAK2/STAT3 activation was engaged in the
α3-nAChR-dependent signaling pathways in the control of adipose tissue dysfunction.

3. Therapeutics

3.1 Cholinergic agonists and antagonists

Cholinergic agonists including parasympathomimetics, especially muscarinic ago-
nists and cholinergic antagonists encompassing parasympatholytics or muscarinic
antagonists are the two categories of medications influencing the parasympathetic
nervous system.

3.2 Acetylcholinesterase inhibitors

They are also referred to as anti-cholinesterases that prevent the cholinesterase to
disintegrate Ach, hence boosting the amount and intensity of synaptic activity. AChE
inhibitors are classified into two types based on their method of action: irreversible
and reversible (Figure 2). Reversible inhibitors, whether competitive or
noncompetitive, have largely medical benefits, whereas irreversible AChE activity
modulators have harmful consequences. Reversible AChE inhibitors are crucial in the
pharmacological modulation of enzyme activity. These inhibitors include compounds
with various functional groups (carbamate, quaternary, or tertiary ammonium group)
and have been used in the diagnosis and/or treatment of diseases such as myasthenia
gravis, Alzheimer’s disease, post-operative ileus, bladder distention, glaucoma, and as
an antidote to anticholinergic overdose. Irreversible anticholinesterases comprise
organo-phosphates which produce a phosphorylated enzyme that does not regenerate
appreciably when hydrolyzed. They have little therapeutic efficacy but are extremely
toxicologically significant. Isoflurophate, the most known and investigated chemical
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in this family; malathion, an extensively employed insecticide; echothiophate, among
the first substances in this family possesing a therapeutical efficacy; and tabun, the
deadly and poisonous nerve gases, are four examples. Some of the commonly used
reversible and irreversible inhibitors of Acetylcholinesterase are listed in Table 1.

4. Conclusion

Acetylcholine, being a part of cholinergic system, is a neurochemical and capable
of performing plethora of functions in brain and human body. In addition to manage

Figure 2.
Agonists and antagonists of acetylcholine.

Inhibitor Bioactive component/chemical
structure

Mechanism of inhibition (reversible/
irreversible)

Rivastigmine Carbamate Reversible action

Galantamine Alkaloid Reversible action

Huperzine A Alkaloid Reversible action

7-methoxytacrine Pyridine derivative Reversible action

Tacrine Pyridine derivative Reversible action

Physostigmine Carbamate Reversible action

Pyridostigmine Carbamate Reversible action

Aldicarb Carbamate Reversible action

Butylate Carbamate Reversible action

Diisopropyl
Fluorophosphate

Organophosphorous compound Irreversible action

Trichlorfon Organophosphorous compound Irreversible action

Tabun Organophosphorous compound Irreversible action

Echothiophate Organophosphorous compound Irreversible action

Diazinon Organophosphorous compound Irreversible action

Table 1.
Commonly used reversible and irreversible AChE inhibitors.
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the sympathetic, para-sympathetic and autonomic functions, its role in chronic dis-
eases has been well understood and reviewed comprehensively. Furthermore, the
cholinergic system, it’s projections and the cognitive role has been discussed along
with a brief overview of cholinergic receptors. Also, the influence of acetylcholine on
different types of chronic diseases including cardiovascular diseases, neurodegenera-
tive disorders and metabolic diseases has been illustrated in detail. In last, the thera-
peutic section has been presented, covering the insights on agonist and antagonists of
Acetylcholine for understanding better treatment options.
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Paraoxonase in Nervous System
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and Swati Ghanghurde

Abstract

The paraoxonase (PON) family consists of—PON1, PON2 and PON3 which are 
anti-oxidative, any dysfunction in their action, has been suggested to play a role 
in the pathobiology of diseases having a chronic inflammatory component. PON1 
is the most studied which has paraoxonase, arylesterase, thiolactonase, and anti-
oxidant actions. Studies have shown the association between lowered PON1 activity 
and increased incidence of ischemic stroke, dementia, Parkinson disease, multiple 
sclerosis, and amyotrophic lateral sclerosis. It may occur due to increased oxidative 
stress and/or prolonged exposure to organophosphates, and reduced capacity of the 
body to counter these stresses due to reduced PON1 function. PON2 has arylesterase, 
lactonase, and antioxidant properties. Under-expression of PON2 is associated with 
Parkinson Disease and Amyotrophic Lateral Sclerosis, and over-expression with 
tumors with glioblastoma. Various mechanisms have been proposed for the role of 
PON2 in the pathobiology of the said diseases. PON3 is least studied. The PON family, 
to some extent, interacts with acetylcholine esterase (AChE), as both share the same 
locus, and PONs degrade the inhibitors of AChE, especially the organophosphates. 
This could probably have significant role in the development of Parkinson disease and 
the prognosis of the treatment of Alzheimer disease by AChE inhibitors.

Keywords: paraoxonase, arylesterase, lactonase, nervous system, PON1, PON2, PON3

1. Introduction

The paraoxonase (PON) multi-gene family consists of three enzymes: PON1, 
PON2 and PON3, the genes for which are located adjacent to each other on human 
chromosome 7q21.22 [1]. The amino acid sequences of the three forms are consider-
ably similar—within the range of 79–95%. All PON genes have nine exons, eight 
introns and TATA-less promoters. This enzyme came into focus with the notion that 
PON1 protects low-density lipoproteins (LDL) and high-density lipoproteins (HDL) 
from lipid peroxidation by the virtue of its arylesterase, lactonase and paraoxonase 
activities [2]. Paroxonases are HDL-associated, and their antioxidant property plays 
a vital role in prevention of various microvascular complications due to oxidative 
stress and also provides protection from various toxic chemicals. All PON family 
enzymes require calcium to exhibit the action and are able to delay lipid peroxidation 
in lipoproteins and cell membranes. Thus, polymorphism or any other imbalance in 
the activity of PON has been suggested to play a role in the pathogenesis of rheumatic 
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diseases, cancers and cardiovascular diseases—i.e. the diseases having a chronic 
inflammatory component [3, 4]. Although these enzymes have been named parox-
onases, the paroxonase activity is significant only for PON1; in others the activity has 
not been detected. PON1 is a hydrolase and can hydrolyse a wide range of substrates 
including organophosphorus triester pesticides, lactones, thiolactones, cyclic carba-
mates, nerve gases like sarin, soman, arylesters, aromatic carboxylic acid and unsatu-
rated aliphatic esters, estrogen-esters, and glucuronide drugs [5].

PON enzymes synthesized in the liver and distributed throughout the human 
body. They are present in different tissues, and are associated with cell membranes 
and some lipoproteins, although literature reports free enzyme found in the blood. 
Paroxonases were named after the ability of PON1 (first to be discovered) to hydro-
lyze paraoxon, a compound of the organophosphate insecticides class, to the metabo-
lite p-nitrophenol. In vivo, paraoxon, the most toxic form, is an oxidized product of 
biotransformation of parathion, organophosphate insecticide in the context of which 
it was found first. As explained above, the name can be said to be a misnomer.

Of the three members of the family, PON1 is the most studied one. It is a circulating 
Ca2+ dependent enzyme with a molecular mass of 43 kDa and containing 354 amino 
acids and is classified as an aryldialkyl phosphatase [4]. Synthesis of PON1 is mainly 
hepatic. From liver, it is secreted into the bloodstream, where it is tightly bound to 
HDL particles [6]. Structurally, it is a six-bladed beta-propeller with a central tunnel 
containing two calcium ions—a structural one which is necessary for the conformational 
stability of the enzyme, and a catalytic one. Addition of EDTA (which removes calcium 
by complexing with it) resulted in the inactivation of paraoxon and phenyl acetate 
hydrolysis of PON1, showing that they are Ca2+-dependent activities. However, there was 
no effect on the ability of PON1 to protect low density lipoprotein (LDL) from oxidation, 
thus implying that the antioxidant property of PON is independent of Ca2+ [7, 8]. This 
leads to the possibility of existence of different active sites on PON1 for those dependent 
on Ca2+-dependent, and for those independent of the same, like protection against 
oxidation [9]. The amino terminal end of the protein contains hydrophobic amino acid 
residues that play a role in its binding to HDL and to other proteins such as apoA1 as well 
as in its self-aggregation. Recently, it has been shown that modulating the hydrophobic-
ity of PON1 can affect organophosphatase activity of the enzyme [10].

A histidine-histidine (His) catalytic dyad is proposed to be involved in the cata-
lytic mechanism of PON1 in which His-115 acts as a general base to deprotonate a 
single water molecule while His-134 increases His-115 basicity via a proton shuttle 
mechanism; however, some researchers found that it may participate in the substrate 
binding and/or orientation [11, 12]. Due to such a wide range of activities as well as 
being the first to be discovered, PON1 is the most studied one compared to other 
members. PON1 is thought to play an important role in a variety of disorders includ-
ing metabolic syndrome, diabetes, atherosclerosis which results in cerebrovascular 
and cardiovascular events, because it is closely associated with the prevention of 
oxidative stress and inflammation, and is a determinant of HDL dysfunctionality. 
There are evidences suggestive of its atheroprotective effects through various mecha-
nisms—maintaining cholesterol homeostasis, regulating cholesterol efflux from 
macrophages, as an effective xenobiotic metabolizer, and by participating in endothe-
lial homeostasis [5, 13–16].

N-acylhomoserine γ-lactones (AHL) are produced by gram negative bacteria and 
regulate bacterial virulence and biofilm formation. All three PONs hydrolyse AHL 
with PON2 having the greatest efficacy, the resulting metabolites are inactive there-
fore the PON family could be important in preventing bacterial infections [17].
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2. Paraoxonase 1

Oxidative stress due to reactive oxygen species results in oxidation of LDL par-
ticles and phospholipids, especially phosphatidylcholine, of the cell membrane of 
macrophages. This leads to a state of cellular damage and inflammation. It is possible 
that PON1 acts on oxidized phosphatidylcholine to produce lactone which further 
taken care by PON1 lactonase activity.

PON1 also exhibits homocysteine-thiolactonase activity. Homocysteine (Hcy) is a 
four-carbon amino acid with free thiol group formed by demethylation of methionine. 
Plasma Hcy levels are affected by both acquired and genetic factors [18, 19]. High levels 
of Hcy have been implicated in the development of cardiovascular and cerebrovascular 
disorders. Elevated Hcy has been shown to cause homocysteinylation, induction of 
oxidative stress and excitotoxicity, leading to atherosclerotic and thrombotic effects 
[20]. Hyperhomocysteinemia results in excess production of Homocysteine-thiolactone. 
This modifies proteins of coagulation, lipoproteins, endothelial receptors and is an 
important risk factor for adverse vascular events [21, 22]. Thus hyperhomocysteinemia, 
encompassing higher concentrations of homocysteine-thiolactone, may be an added risk 
factor for enhanced atherogenesis. PON1 has been postulated to detoxify the Hcy with its 
homocysteine-thiolactonase activity. At the same time, it can also protect macrophages 
from oxidation and prevents further inflammatory cascades. Hence the patients with low 
PON1 arylesterase and lactonase activity are more susceptible for the deleterious effects 
of lipid peroxidation, homocysteine-thiolactone toxicity and macrophage activation, 
which would increase the risk of neurovascular disease [23].

As a xenobiotic metabolizer, PON1 provides link between exposure to pesticides and 
adverse effects. The products formed by action of PON1 are considered to be the markers 
of pesticide exposure due to which they can be useful in the assessment of severity of pes-
ticide exposure. Animal studies have demonstrated the potential application of PON1 in 
tackling the effect of pesticide poisoning. But more advanced and stringent clinical trials 
are required to support the definitive role in pesticide poisoning [5, 24]. PON1 response to 
pesticides depends upon the genetic polymorphism like Q192R, L55M. Literature reports 
that 192Q is more protective than 192R towards prevention of LDL oxidation.

2.1 PON1 and ischemic stroke

Globally recognized among the common causes of death, ischemic stroke accounts 
for major disabilities too. It is a classical multi-factorial disease with major risk factors 
such as hypertension, smoking, hyperlipidemia, obesity, diabetes, and atrial fibrilla-
tion. Many studies have been conducted to search for role of PON1 in ischemic stroke. 
Literature reports R allele and RR genotype of Q192R PON1 polymorphism carries 
higher risk of ischemic stroke. Many researchers have found that decrease in activity 
of PON1 is associated with vascular events [25, 26]. Some report, paraoxonase and 
arylesterase activities and their ratio can be used either to predict or to access the 
severity of ischemic stroke [27, 28]. In general there is significant negative correlation 
of PON1 activities with adverse vascular events. Lower the activities, more advanced 
are the vascular lesions [29, 30].

2.2 PON1 and dementias

Erstwhile dementia is now termed as major neuro-cognitive disorder (MND). It 
describes an overall decline in memory and cognitive skills severe enough to reduce 
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person’s ability to perform everyday activities. Previously thought to affect elderly 
only now it is affecting the younger age group too. It is characterized by significant 
decline in any of the cognitive domain including, executive function, complex atten-
tion, language, learning, memory, and perceptual-motor or social cognition. Major 
neuro-cognitive disorder is diagnose by the decline in patient’s previous cognitive 
ability without delirium, which should be persistent and progressive over the time. 
At present disease burden supposed to be 43 million worldwide which is expected 
to escalate to 131 million by 2050. Alzheimer disease (AD) which is responsible for 
nearly 70–80% cases of dementia worldwide, is one of the important cause of death 
over the age of 65 years [31].

One of the characteristic neuro-pathological features of AD is the presence of 
amyloid plaques which comprise aggregates of β-amyloid derived from the amyloid 
precursor protein [32]. Increasing evidence suggests that cholesterol plays a role in the 
pathophysiology of Alzheimer’s disease, and elevated serum total-cholesterol level has 
been shown to be a risk factor for AD [33]. Abnormal phosphorylation of tau proteins 
is thought to be responsible for pathogenesis of AD. In addition to phosphorylation, 
neuronal degeneration is caused by a combination of beta amyloid production, 
oxygen deficiency. Lipid peroxidation too plays role in pathogenesis of AD. Amyloid 
is responsible for oxidative stress through free radicals. This oxidative stress is respon-
sible for conversion of soluble amyloid proteins to insoluble fibrils and further in to 
polymerization of tau proteins [34, 35]. Some researchers report that deficient serum 
paraoxonase activity is a significant risk factor for AD and that paraoxonase activity 
is governed in part by at least 2 distinct variants, one located in the PON1 region and 
another in PON2 [36]. Some reports suggest that low PON1 activity is associated with 
cognitive decline, especially in AD [37]. There are many opposite results regarding 
polymorphism In MND. Some says there is definite correlation between the Q192R 
and L55M polymorphism and risk of AD and MND while others differ in their views 
as they found no correlation [38, 39].

2.3 PON1 and Parkinson’s disease

Parkinson’s disease (PD) is an idiopathic disease of the nervous system character-
ized by both motor and non-motor system manifestations. It is a chronic progressive 
neurodegenerative disorder that occurs mostly in older persons but that can appear 
in much younger patients. It is the second most common neurodegenerative disease. 
Sometimes called “paralysis agitans”, PD is uncommon in young people, especially 
those under 40 years of age [40, 41]. The pathological definition of PD is loss or 
degeneration of the dopaminergic neurons in the substantia nigra and development 
of Lewy Bodies in dopaminergic neurons. Pathologic changes may precede obvious 
symptoms by two decades or more. This preferential loss of dopamine producing neu-
rons and simultaneous lack of cholinesterase inhibition results in marked imbalance 
acetylcholine and dopamine along with impairment of motor control. Lewy Bodies, 
or abnormal intracellular aggregates, contain various proteins including α-synuclein 
and ubiquitin that impair optimal neuron functioning [42, 43].

While the exact pathogenesis of the disease has not been completely elucidated, 
several theories implicating the association of genetic and environmental toxic 
elements such as exposure to pesticides or an oxidative cell environment conspire to 
trigger the neuron degeneration. Recent reports suggest that the chronic low-grade 
inflammation due to various sources like pesticides, drugs, aging process etc. is 
responsible for the cellular senescence in nervous tissue [44, 45]. From a pathologic 
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perspective, the brain’s substantia nigra pars compacta and pontine locus ceruleus are 
affected by typical abnormalities of PD including depigmentation, neuronal loss and 
gliosis. Nearly 60–70% neurons are lost by the time symptoms appears [46, 47].

Pesticides have been implicated in the development of PD by inhibition of 
ubiquitine proteosome system. Probably upon exposure to pesticides, mitochondrial 
dysfunction and α-synuclein, which is a neuronal protein, undergo conformational 
change which leads to symptoms of PD. One hypothesis states that as a result of 
mitochondrial dysfunction, there is release of cytochrome-c in the cytosol which 
binds to apaf1 and starts apoptosis. This results into neuronal degeneration and 
ultimately to PD [48].

As PON1 has antioxidant capacity and is capable of hydrolyzing toxic substances, 
literature links PON1 polymorphism with PD. PON1 polymorphism as Met54 may 
be an independent risk factor for PD. This mutation could possibly be responsible 
for decreased PON1 activity which results in lessened metabolism of environmental 
neurotoxins and could play a role in neuro-degeneration. Researchers have found 
that there is an association between L55M polymorphism of PON1 and PD, whereas 
Q192R polymorphism was unlikely to be a major risk factor for susceptibility to PD 
[49]. Recently a researcher found MM PON1–55 genotype exhibit greater than 2-fold 
increase in PD risk when exposed to organophosphates, compared with subjects who 
had the wild type or heterozygous genotype and no exposure [50].

2.4 PON1 and multiple sclerosis

Multiple sclerosis (MS) is one of the most common neurological disorders, occur-
ring mainly in young adults in age 20–40 years and more commonly in women. MS is 
a chronic inflammatory disease characterized by demyelinating lesions in the brain, 
spinal cord, and optic nerve [51, 52]. Some studies have suggested a role of the oxida-
tive stress and lipid peroxidation in the pathogenesis of MS. Due to the pathogenetic 
role of reactive oxygen species and the oxidation of lipoproteins in MS pathology, 
antioxidants prevent free-radical mediated tissue destruction [53]. PON1 is shown to 
play an important antioxidant role in the blood. Variability of PON1 activity depends 
on polymorphism in the coding region. There are only a few studies that describe the 
relationship between PON1 polymorphism and the risk for MS [54]. The relationship 
between MS and oxidative stress due to oxidized lipoproteins in cholesterol transport 
has been discussed. It has been proposed that increased number of oxidized HDL 
particles due to decreased PON activity may be unable to protect LDL against oxida-
tion increasing the risk of atherogenesis which may lead to MS [55].

Oxidative stress is a critical factor in pathogenesis of MS as it promotes leukocyte 
migration, participates in oligodendrocyte damage and axonal injury. Reactive oxygen 
species and reactive nitrogen species are produced in the CNS of MS patients chiefly 
by activated macrophages and microglia could account for demyelination and axonal 
disruption, the hallmarks of the disease [56, 57].

2.5 PON1 and amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a dangerous neurodegenerative disease, 
characterized by progressive motor neurons loss, paralysis, and inflammation 
with an average survival of 3–5 years after diagnosis. 5–10% of cases are familial, 
and 70% of the familial cases can be explained by identified gene mutations, e.g. 
the C9orf72 repeat expansion [58]. ALS is a degenerative disease of adult-onset 
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and fatal outcome characterized by the simultaneous loss of motor neurons in the 
cerebral cortex, brainstem and spinal cord. In the familial cases, a large number of 
mutations have been found, most prominent of which is the mutation in the gene 
that encodes for the cytosolic enzyme superoxide dismutase [59, 60]. It was found in 
recent studies that PON1 gene is down-regulated in the central nervous system and 
peripheral cell like lymphocytes and fibroblasts. Some genetic mutations also are 
identified in the patients of ALS [61, 62]. It is well established fact that the oxidative 
stress is responsible for degeneration of the motor neurons in ALS. The CNS as a 
whole is particularly susceptible to oxidative stress because the neuronal membrane 
contains a high abundance of polyunsaturated fatty acids, especially arachidonic 
and docosahexaenoic acids; it consumes oxygen at a high rate; and it contains high 
concentrations of redox-active transition metals but a relatively low concentration of 
antioxidants. In ALS, at the cellular level, genetic factors, excitotoxicity, apoptosis, 
inflammation, mitochondrial dysfunction, protein aggregates, and oxidative stress 
are among the primary hypotheses put forth to explain motor neuron degeneration. 
Among these factors, oxidative stress appears intimately linked to a series of cellular 
events in motor neurons that contribute to neuronal degeneration and death [63, 
64]. Individuals that had the homozygous genotypes RR and heterozygous GQ had 
a lower survival rate when compared to the homozygote genotype QQ. Moreover, 
the allele R was associated with bulbar onset. Some authors have mentioned the 
increased chance of ALS following the exposure to pesticides and the susceptibil-
ity increases two folds with single nucleotide polymorphisms (SNPs) like G-832A, 
G-162A and C-108 T [65, 66].

3. Paraoxonase 2

The PON2 isoform is highly expressed in several different types of human cells 
and tissues, mainly in macrophages and hepatocytes, lower lung airways, brain, 
cardiac and gastrointestinal systems. It is found in association with the endoplas-
mic reticulum and mitochondria, specifically associating with complex III of the 
inner mitochondrial membrane. PON2 deficiency alters mitochondrial function by 
decreasing mitochondrial complex I and III activity and total ATP levels and alters 
mitochondrial oxidative stress by increasing mitochondrial superoxide produc-
tion, increasing lipid peroxidation and decreasing reduced glutathione levels. In 
vascular cells, PON2 has been found to be a cell-based enzyme and appeared in 
two glycosylated isoforms of approximately 40–43 kDa. PON2 is not detectable 
in plasma. In brain tissue, PON2 is an antioxidant intracellular enzyme against 
oxidative stress. In CNS, PON2 expression has been found in nucleus accumbens, 
striatum and substantia nigra. PON2 is found in astrocytes and neurons in differ-
ent amounts. However, the loss of PON2 expression in both cells negatively  
modifies the cellular ability to recover from oxidative damage and subsequently 
death [67, 68].

PON2 is the oldest yet least studied variant of the paraoxonase family – its 
intracellular location has made studies challenging. Its three-dimensional structure 
has not been elucidated, nor has its intracellular compartmental distribution been 
determined. It has been found in multiple subcellular compartments. PON2 is highly 
expressed in vital organs such as the heart, brain, and the lungs, and ubiquitously 
found throughout the body in multiple different tissue types. It is not found in blood/
plasma [69]. At mRNA level, it is enhanced in level in the liver and ubiquitous; at the 
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protein level its occurrence is ubiquitous. It is found on the endoplasmic reticulum, in 
the perinuclear region, on the membrane of mitochondria, and on the plasma mem-
brane. It is overexpressed in cancer cells. Expression in the elderly has been shown to 
be lower [70].

PON2 is degraded by the ubiquitin-proteasome pathway and by ADP-ribosylation. 
In all cell types, its expression is upregulated by Arachidonic acid, unesterified 
cholesterol, pomegranate juice, Antioxidants, the licorice phytoestrogen glabidrin, 
and atorvastatin. Its activity is decreased by glycated compounds. The two common 
polymorphisms found in PON2 are [71] position 147—an Ala/Gly substitution and 
position 311—a Ser/Cys substitution.

An apparently benign, heterozygous frameshift mutation in PON2 is present 
within the general population. This suggests that haploinsufficiency of PON2 is 
not obviously pathogenic. Thus, only after more profound loss of function than 
is predicted by eliminating one functional PON2 allele occurs, as in a homozy-
gous defect, will PON2 mutants be pathogenic [72]. Plasma membrane PONs 
are transmembrane proteins, with the N-terminal region forming a part of the 
transmembrane anchoring domain on the cytoplasmic side, and C-terminal region 
as the extracellular catalytic site. Like PON-1, it may counteract lipid peroxidation 
as well as form the first line of defense for the cell against any microbial inva-
sion [69].

PON2 has multiple enzyme functions as:

• Lactonase—hydrolyzes quorum sensing signaling molecules of bacteria. These 
signaling molecules, in simple terms, detect cell population density and respond 
to it by gene regulation. They have lactonase group in structure and are involved 
in autoinduction. Lactonase activity results in inhibition of these, leading 
to inhibition of microbial mechanisms of pathogenesis, as well as biofilm 
inhibition, thus forming a defense against infection, especially on the plasma 
membrane. Its lactonase activity has been found to be higher than PON-1 and 
PON-3. The Ser/Cys substitution polymorphism at position 311 affects the 
lactonase activity.

• Antioxidant—reduces oxidative stress in mitochondria and endoplasmic reticu-
lum, and reduces the amount of oxidized LDLs. Deficiency of PON2, and even 
single nucleotide polymorphisms of the enzyme, have been shown to increase 
susceptibility to oxidative stress and the injury caused thereby. It is associated 
with mitochondrial ETC helping in sequestering ROS; however, the enzymatic 
nature of its overall antioxidant activity has not been proven. In endothelial cells, 
PON2 has been shown to reduce the production of specifically the superoxide 
radical but not of that of the others. Its ROS-eliminating function is probably 
independent of lactonase activity since the 311 Ser/Cys mutation does not affect 
antioxidant property and is associated with Coenzyme Q in bacteria. The exact 
mechanism is not understood.

It may also hydrolyze arylesters and other esters, however, unlike PON1 and PON3, 
its paraoxonase and statinase activities have not been detected. As said earlier, PON2 
has antioxidative function, which leads to reduce oxidized LDL levels by prevent-
ing LDL oxidation and reversing the oxidation of mildly reduced LDL. This leads to 
inhibition of the monocyte chemotaxis associated with oxidized LDL, and increased 
efflux of cholesterol. Thus, PON2 is antiatherogenic.
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3.1 Distribution of PON2 in the nervous system

PON2 is the only PON to be expressed in the brain. Distribution in the spinal cord 
has not been described adequately. Most information of the probable role of PON2 in 
brain is extrapolated from studies on mice [69].

PON2 is an intracellular protein [70]. It is postulated to be involved in neuro-
protection by the virtue of its anti-inflammatory and antioxidant properties, and 
exclusive intracellular location. Measurement of its lactonase activity has been used to 
study the regional distribution and sex differences in mice and the findings have been 
extrapolated to humans. Higher levels are seen in [73].

• Females as compared to males. Oestradiol has been shown to increase 
PON2 expression level, since removing the ovaries of mice lead to reduc-
tion of PON2 levels. There is evidence that this occurs through activation 
of estrogen-α receptors. The oestrus cycle may play a role in regulating the 
dopamine levels; however, this not been verified [74]. Quercetin, a phytoes-
trogen, has been found to increase the levels of neuronal PON2 by increasing 
its synthesis. The functional consequences of higher expression of PON2 
in females may have several ramifications, as multiple neurodegenerative 
diseases involve oxidative stress and neuroinflammation in their etiopathol-
ogy and are divided on sex. For example, the incidence of Parkinson’s disease 
(PD) is 90% higher in males, pointing to a protective mechanism in females 
that may involve PON2.

• Astrocytes as compared to neurons. PON2 has been found in the cell membranes 
of both of these, along with in the ER and mitochondria, but its role in the cell 
membrane is not known [74]. PON2 deficient neurons and astrocytes exhibit 
significantly higher levels of ROS when exposed to oxidative compounds H2O2 
and DMNQ.

• Dopaminergic regions, where oxidative stress is higher due to dopamine metabo-
lism. PON2 is found in the highest amount in the substantia nigra, striatum, and 
the nucleus accumbens. Lower levels were found in the cerebral cortex, hippo-
campus, brainstem and cerebellum [71]. Neurons and astrocytes in the striatum 
have exhibited higher susceptibility to oxidative stress than those in cerebellum 
in PON2 deficiency.

• Premature infants and young ones as compared to the elderly. It is postulated 
that the levels of high PON2 in younger ages prevent neuronal oxidative stress 
during the period of development of brain. The age groups who had lower pres-
ence of PON2 showed higher susceptibility to oxidative stress [70]. PON2 may 
also serve to regulate apoptosis or play other signaling role/−s during maturation 
of brain.

These differences in quantification correspond to the comparative levels of neuro-
protection seen in the said groups [69]. The major mechanism by which PON2 is said 
to reduce oxidative neuroinflammation is by regulating mitochondrial CoQ. The 
mechanism is applicable in all cells PON2 is present. During transport of electrons 
in the electron transport chain of the inner mitochondrial membrane, CoQ accepts 
electrons and becomes unstable. It regains its stable form by transfer of electrons. 
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Most electrons are transferred to Complex III and energy is generated. However, some 
electrons may be transferred by CoQ to oxygen molecules when reduced CoQ comes 
in contact with them, given rise to reactive oxygen species. PON2 has been postulated 
to reduce this transfer of electrons to oxygen, thereby reduced oxidative stress and 
consequent neuroinflammation [70].

The role of PON2 in the cytoplasm is postulated to be different than that in the 
mitochondria in the nervous system; however, research on this topic is next to none 
[73]. Further, the role of PON2 in the endoplasmic reticula of the nerves has not been 
studied [69]. In the brain, the loss of PON2 in both neurons and astrocytes impairs 
their ability to recover from toxic levels of oxidative stress generated by oxidants 
hydrogen peroxide (H2O2) or 2,3-dimethoxy-1,4-naphthoquinone (DMNQ ) [73].

3.2 Modulation of PON2

Quercetin has been found to increase the levels of astrocyte PON2 in mice approxi-
mately two times. It is postulated that since quercetin is a phytoestrogen, it may 
activate estrogen-α receptors like oestradiol, leading to increased PON2 synthesis. 
Alternatively, the JNK/AP-1 pathway has also been suggested to be the central under-
lying mechanism—it was shown that inhibition of this pathway lead to antagoniza-
tion of the effect of quercetin on PON2 levels [71].

3.3 Impact on motor behavior

Mice deficient in PON2 showed slightly more activity during the dark cycle than 
mice having PON2. There were no differences in food consumption. During the 
rotarod experiment, PON2 deficient mice had significant shorter latency to fall, sug-
gesting impaired motor co-ordination [73].

3.4 Probable role in dopaminergic system

Oxidation of dopamine during its metabolism generates free radicals and reactive 
quinones in the dopaminergic neurons. Due to this additional oxidative burden, the 
dopaminergic neurons are more susceptible to additional oxidative stress, neuroin-
flammation and cellular death. PON2 reduces the oxidative stress here by inhibition 
of superoxide formation by mitochondrial CoQ [74]. PON2 was also found to be 
modulated by dopamine receptor activity in a receptor-specific manner, with protein 
and transcript upregulated in neurons upon exposure to a dopamine receptor 2 
agonist, but not an agonist for dopamine receptor 1 [73].

PON2 has been shown to interact with PARK7 in vivo. The protective antioxidant 
effects of PARK7 are partly mediated by expression of PON2 [74]. In vitro, PON2 has 
been shown to reduce the increased susceptibility of striatal neurons to oxidative 
stress in cases of PARK7 deficiency [73].

In mice, in PON2 deficient striatum, the levels of tyrosine hydroxylase protein 
were found to be lower and that of tyrosine hydroxylase transcript were found 
to be higher than in the wild type (with PON2 present). The levels of Vesicular 
Amine Transporter 2 (VMAT2) transcript were found to be increased but there 
was no change in protein levels. The levels of Dopamine Transporter, which is 
involved in the reuptake of dopamine form the synaptic cleft, were found to be 
unchanged at both the transcript and protein level. Dopamine receptors DRD-1, 
DRD-2, and DRD-5 were found to be upregulated at the transcript level but not 
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at the protein level in PON2 deficiency. Thus, PON2 deficiency significantly 
upregulates the transcript of multiple dopaminergic related genes in the striatum 
of mice.

Transcript levels of antioxidant enzymes, heme-oxygeneases-1 and -2 and 
MADPH-oxidase 2, were increased in PON2 deficient mice, although the pro-
tein levels were not altered. This implied that in absence of PON2, the oxidative 
stress in these neurons increased, due to which levels of antioxidant enzymes were 
increased [74].

3.5 PON2 and Parkinson disease

As said above, PON2 interacts with the DJ-1 (PARK7) gene. Of all cases of familial 
Parkinson’s disease (PD), loss-of-function mutations in DJ-1 (PARK7) gene account 
for about 1%. The actions of this gene are said to reduce the oxidative stress-mediated 
damage; however, the mechanisms for the same are unknown. It was shown that in 
vivo, PON2 associates with DJ-1.

MPTP is one of the causative agents of Parkinson Disease, and it, along with its 
metabolite MPP is used for research regarding Parkinson disease. MPP is a complex I 
inhibitor which leads to oxidative stress and death of a number of different neurons. 
Exposure to MPP lead to increase in the PON2 lactonase activity in mice. It was found 
that in deficiency of DJ-1 both the basal and MPP-induced lactonase activity of PON2 
was blocked. Loss of DJ-1 thus impairs PON2 activity. However, it was also noted that 
DJ-1 does not alter PON2 levels in neurons, implying that it increases PON2 activity 
by increasing the rate of enzyme action, and not the amount of enzyme synthesized. 
The exact mechanism is unclear.

Absence of either of PON2 or DJ-1 leads to increased sensitivity of the neuron 
towards oxidative stress by MPP. Interestingly, PON2 expression effectively rescues 
DJ-1 deficiency-mediated hypersensitivity to oxidative stress, although DJ-1 expres-
sion cannot do so for PON2. This suggests PON2 to be a downstream target of DJ-1. 
Thus, PON2 expression protects neurons against MPP and can also reverse the 
hypersensitivity observed with DJ-1 loss [75].

3.6 PON2 and amyotrophic lateral sclerosis

ALS is a neurodegenerative disorder of spinal tract. It is a multifactorial disease 
characterized by cerebral cell dysfunction and mitochondrial alteration. It is associ-
ated with the progressive increase in neuro-inflammation, generalized oxidative 
stress and metabolic alterations. The C allele of the C311S PON2 has been associated 
with sporadic ALS. In addition, the expression of messenger RNA of the PON2 
gene was decreased in spinal cord and trunk tissue of patients with ALS [76]. ALS-
associated variant in PON2 is present as a homozygous defect.

However, since there are multiple substrates for PONs, it is difficult to ascertain 
the exact role of PONs in the pathogenesis of AML. ALS-related mutations have been 
found in all the three forms of PON, implying a higher probability that the property 
of the PONs which plays a role in pathogenesis is likely to be a common property/
feature. One of the theories says that loss of antioxidant functions of the PONs leads 
to the inability of nervous tissue to detoxify the abnormal oxidative stresses the motor 
neurons and spinal cord are exposed to, leading to neurotoxicity. Another theory says 
that mutations in PONs may lead to failure to inhibit some unknown exotoxin, which 
leads to ALS [72].
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3.7 PON2 and glioblastoma

In all cancers, PON2 is overexpressed. Due to its antioxidant effect, PON-2 reduces 
cellular oxidative damage and influences redox signaling, which promotes cellular 
survival [70]. PON2 in tumor cells probably protects the intracellular membranes 
against oxidation and, possibly, prevents free radicals from percolating through 
the nuclear envelope and damaging the genetic material contained in the cells [74]. 
Elevated PON-2 levels may stabilize tumor cells by enhancing cellular stress resis-
tance, attenuating mitochondrial ROS-mediated apoptosis [70].

The highest expression of PON2 is observed in liver and brain cancers. PON2 was 
localized in the perinuclear region. In glioblastoma, PON2 gene is amplified. The level 
of PON2 was a negative prognostic factor in glioblastoma [77]. Valproic acid has been 
shown to inhibit the growth of glioblastoma and increase the production of reac-
tive oxygen species in glioblastoma cells. This was attributed to inhibition of PON2 
by valproic acid at the transcriptional level. This deceased PON2 expression could 
potentiate the cytotoxic effects of ROS and enhance VPA-induced cell cycle arrest. 
The use of the model of transfectants overexpressing PON2 provided further support 
for VPA-induced GBM cell growth suppression being mediated by increased ROS 
production and that the effect was augmented by decreased PON2 [78].

3.8 Developmental expression of PON2

In mice, PON2 protein appears to be lowest directly after birth, steadily increasing 
with age up until Post-natal Day (PND) 21. A significant decrease in both protein and 
mRNA is noted from PND 21 to 30 and continuing to PND 60. In monkeys, PON2 
protein levels were lower at mid-gestation and gradually increased up to infant age. 
This was followed by a decrease in the juvenile stage and a stabilization, in which 
similar levels were found in young adult and in aged monkey brains. The overall trend 
observed in both species reveals a possible window of susceptibility to oxidative stress 
in young adult mice and monkeys which may point to a change in cellular environ-
ment driving a decrease in PON2 expression [73].

3.9 PON2 and age

Expression of PON2 decreases with age. Thus, with growing age, the susceptibility to 
oxidative damage is increased, in turn increasing the risk for neurodegenerative diseases. 
In mice, concurrent to PON2 deficiency, transcripts of glucose transporter 4, insulin 
receptor and tau were upregulated, while butyrylcholinesterase was significantly down-
regulated, potentially having neurodegenerative consequences. However, the findings 
supported a lack of oxidative stress in the aged brain with potential impacts to endog-
enous signaling and host immunity through a reduction in cytokine expression [73].

3.10 PON2 and future perspectives

The identification and initial characterization of PON2 in brain tissue suggest that 
this enzyme may play a relevant role in determining susceptibility to oxidative stress and 
neuroinflammation, and that its positive modulation may represent a novel strategy for 
neuroprotection. Attempts to elevate PON2 levels could be neuroprotective. For tumor 
cells, PON2 overexpression probably provides resistance of these cells to apoptosis and 
that a useful therapeutic strategy would be one causing a decrease of PON2 [71].



Acetylcholine – Recent Advances and New Perspectives

118

4. Paraoxonase 3

PON3 is an antioxidant hydrolase enzyme with approximately 40-kDa, synthe-
sized in the liver. In plasma PON3 is bound to HDL and apolipoprotein—A1 and 
possesses strong anti-oxidant properties but its concentration is about two orders 
of magnitude less abundant than PON1. PON3 is also expressed at low levels in the 
kidney. PON3 was the last enzyme in the paraoxonase family genetic cluster to be 
described. Currently, very little is known about its function and physiological charac-
teristics in humans. The enzymes PON3 and PON1 show some similarities in structure 
and hydrolase activity. Regarding the structure, both enzymes have three highly 
conserved cysteine (Cys) residues in positions -41; -283 and -351 in the protein chain. 
As for enzyme activity, PON3 can hydrolyze cyclic carbonate esters and lactones rap-
idly, mainly drugs such as statin lactones. The arylesterase activity of PON3 is almost 
undetectable when compared to PON1 [79, 80].

PON3 protein expression in the white-matter brain areas of healthy C57BL/6J 
mice. One study reports that there is strong evidence of PON1 and PON3 expres-
sion surrounding Aβ plaques, and intense positive staining in star-shaped cells that 
resembled glial cells in areas with an abundance of Aβ plaques [81]. It was suggested 
in the study that localization of PON1 and PON3 in astrocytes or oligodendrocytes, at 
the same time there is colocalization of PON3 in microglia which indicates a potential 
antioxidant role of PON1 and PON3 in decreasing levels of ROS and/or preventing 
lipid peroxidation in these cells in Alzheimer disease pathology.

Although there is no documented PON1 or PON3 gene expression in any of the 
mouse- or human-brain regions, one of the study indicated that PON1 and PON3 pro-
teins are expressed in myelinated fibers in the brain tissue of healthy C57BL/6 mice. 
This suggests that PON1 and PON3 are somehow transferred from blood circulation 
to the brain [82]. Overall the PON3 is much less studied as compared to PON1 & 
PON2. So much less information is available in the literature than others.

4.1 Paraoxonases and acetylcholine esterase

PON1 and Acetylcholine esterase are both serum ester hydrolases. Genes for 
both are located on the same chromosome—7q1-22—near to each other [83]. At the 
genetic level, due to the proximity in their locations, it is thought that the genes for 
both would be regulated by a locus control region. It has been shown that PON1 
and acetylcholinesterase share an inverse relationship. This relationship is not 
shown by pseudocholinesterase. It is thought that the same locus control region 
may control their interactions. Acetylcholine esterase is especially susceptible to 
oxidative stress, and paraoxonase is an antioxidant. This also contributes to their 
interactions.

Organophosphates are inhibitors of acetylcholine esterase (AChE). They are 
metabolized in liver to form oxones, which irreversibly inhibit AChE. The usual 
form of AChE is oligomeric and it is this form which is inhibited by organophosphate 
compounds (OPCs). On inhibition, up-regulation at genetic level causes increase in 
synthesis of AChE; however, this AChE is unable to oligomerize. This form of AChE, 
also called AChER, is thought to act in inflammatory processes, contributing to the 
disease pathobiology. PON1 is a key detoxifier of organophosphates and organophos-
phate exposure has been linked to the development of neurological disorders where 
acetylcholine plays a significant role [84].
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PON1 is thought to protect AChE through its antioxidant action by neutralizing 
superoxide radicals. They also spare AChE from organophosphates by lysis of organo-
phosphate compounds. Exposure to OPCs usually results from chronic domestic 
pesticide exposure. PON1 polymorphisms result in hypofunction of PON1. In such 
states, OPCs irreversibly inactivate circulating AChE. PON1 usually is not a vital 
enzyme, but in case of a person with PON1 polymorphism, exposure to OPCs may 
trigger detrimental effects of the polymorphism present. In absence of functional 
PON1, the organophosphate exposure results in irreversible inhibition of the circulat-
ing oligomeric AChE and up-regulation of AChER. Thus, presence of PON1 is thought 
to prevent this by its antioxidant and paraoxonase activities, and genetic variations in 
PON1 affect the individual’s susceptibility to OPC exposure [85].

The nigrostriatal pathway of dopamine secretion degenerates with increasing age. 
This leads to minor DA depletion. In people with intact and functional AChE and 
PON1, this minor depletion does not cause any significant detrimental alteration in 
health, even in presence of OPCs exposure. However, in presence of polymorphisms 
in either of AChE or PON1, this can predispose to Parkinson disease. In Parkinson 
disease, the acetylcholine and dopamine levels are imbalanced with respect to each 
other due to damage to the substantia nigra. Chronic exposure to OPCs aggravates this 
imbalance by the means explained above. PON1 counters this imbalance through its 
antioxidant and paraoxonase activities [84].

Alzheimer disease, on the other hand, is linked to cholinergic deficiency. Hence, 
AChE inhibitors (AChEIs) are used to treat it. However, the response of patients to 
these AChEIs is not uniform—many patients have been found not to respond to the 
same. It was discovered that the AChEI activity was inversely related to PON2 ester-
ase activity. Further investigations [85] revealed that this was most likely because 
the esterase activity of PON2 lead to the lysis of the AChEIs. While PON1 mutations 
did not have this esterase effect on these drugs, the PON2 polymorphic forms, 311C 
and 148G, showed increased esterase activity. Thus, PON2 analysis in patients with 
Alzheimer disease may indicate whether the AChEI therapy would be successful or 
not [86].

We can conclude that the paraoxonase is the molecule which has implications in 
the neurodegenerative disease and other aspects of nervous system. Mostly the role 
of paraoxonase is protective one by the virtue of prevention of oxidative stress which 
arises due to the imbalance in the redox system. But this is only the tip off the iceberg 
as more research is required in this aspect.
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Chapter 7

Neurotoxin Decontamination
Dongmei Ye and Susan Rempe

Abstract

Nerve agents are a group of organophosphorus (OP) compounds that are potent 
neurotoxins used as chemical warfare agents and insecticides. Current medical 
countermeasures, including atropine and oxime-based reactivators, target the  
down-stream pathways inhibited by OP agents and cannot effectively eliminate OP 
agents. In contrast, organophosphorus hydrolase (OPH) is a bacterial enzyme that can 
detoxify a wide range of OP agents. The advantage of OPH over oxime-based treat-
ment is rapid hydrolysis of these agents in the circulatory system. Kinetic properties 
of OPH from various bacteria have been studied by others. Substrate binding affinity 
ranges between 200 μM and 2.5 mM, well above lethal levels. To improve OPH mutant 
screening capability, we optimized a cell-free protein synthesis system to express 
active OPH variants rapidly and conduct kinetic measurements. We also tested the 
hypothesis that active site mutations using only natural amino acids restrict the 
development of OPH variants with binding affinities close to nerve agent lethal levels 
(a few μM). Our work resulted in a suite of OPH variants that incorporated selected 
unnatural amino acids into OPH, with mutations targeted for the first time to both 
active and allosteric binding sites. Kinetic studies of those mutants show significantly 
improved OPH substrate binding affinity.

Keywords: organophosphorus hydrolase, nerve agent, paraoxon, substrate binding 
affinity, unnatural amino acid substitution

1. Introduction

As a neurotransmitter, acetylcholine (ACh) plays a vital role in brain and muscle 
function. Its function can be both excitatory and inhibitory. But in the central nervous 
system (CNS), ACh primarily plays the excitatory role, which means it can speed up 
nerve signals. Excess ACh is degraded by acetylcholinesterase (AChE) to maintain a 
balanced ACh level. Nerve agents are a group of organophosphorus (OP) compounds 
that are potent neurotoxins used as chemical warfare agents and insecticides. OP 
nerve agents disrupt the CNS by inhibiting AChE function. Inhibition of AChE results 
in ACh accumulation and ACh receptor overstimulation, leading to severe injuries and 
even death due to losing control of respiratory muscles. Those injured by nerve agents 
often express chronic health problems, such as visual impairment, dermatological 
conditions, neurological sequelae, and respiratory problems [1].

Weapons of mass destruction were first used in World War I. Rapid advances in 
chemistry during that time brought surging knowledge and constant growth in devel-
oping more effective chemical agents. The nerve agent, tabun, was first discovered 
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from an organophosphorus insecticide in 1936 by a German chemist, Dr. Gerhart 
Schrader. About two years later, Dr. Schrader developed another similar nerve agent, 
sarin [2]. Suitable delivery systems and large-scale production of nerve agents were 
also developed rapidly for their usage in warfare. Since nerve agents are stable, easily 
dispersed and work at low concentrations, the effects are long-lasting and increase 
with continued exposure. The threat from nerve agents was not confined to military 
battlefields. The Matsumoto sarin attack (1994) and Tokyo subway sarin attack 
(1995) exhibited the usage of nerve agents in terrorist attacks. Paraoxon, which is the 
active metabolite of the insecticide parathion, is also a potent nerve agent. As such, 
nerve agents pose a threat to armed forces, agricultural workers, and civilians.

Current medical countermeasures available include atropine and pralidoxime 
chloride (2-PAM Cl). Atropine competitively inhibits ACh binding to acetylcholine 
receptors, reducing receptor overstimulation. The therapeutic 2-PAM Cl re-cleaves 
AChE phosphorylation induced by nerve agents and reactivates AChE. These coun-
termeasures target the down-stream pathways of OP; thus, none of them effectively 
eliminates OP agents.

A direct method that can hydrolyze OP agents before they enter the central nervous 
system is urgently needed. Organophosphorus hydrolase (OPH) is a bacterial enzyme 
that can detoxify a wide range of OP nerve agents and pesticides. The advantage of 
OPH over existing treatments is rapid hydrolysis of OP agents, which provides the 
potential to eliminate nerve agents in the circulatory system, before they penetrate the 
blood-brain barrier and exert effects in the CNS. Kinetic properties of OPH from vari-
ous bacteria have been studied, with kcat about 103/s–104/s and Km between 80 μM and 
2.5 mM [3, 4], significantly higher compared to nerve agent lethal levels (a few μM).

The OPH active site is dominated by histidine residues and stabilized by the 
stacking network formed among these histidine residues. This unique feature makes 
OPH a great candidate for aromatic unnatural amino acid (UAA) substitutions. 
In this chapter, we first describe a high-throughput cell-free protein synthesis and 
kinetic measurement method for rapid screening and selection of OPH variants with 
enhanced substrate binding. Then, we examine the possibility to apply cell-free pro-
tein synthesis systems for expression of OPH UAA substitutions. Lastly, we present 
a genetic code expansion (GCE) machinery used to examine the expression of OPH 
UAA substitutions. The results of kinetic studies of these mutants showed greatly 
improved OPH substrate binding affinity. Overall, this work uniquely demonstrates 
that UAA replacements can enhance enzyme properties significantly.

2. Bio-engineered OPH degradation of nerve agent analog: paraoxon

2.1 Methods

2.1.1 Identify OPH mutation sites with molecular simulation

Computational studies, to identify OPH mutation sites, used chain A of the 
OPH crystal structure of paraoxon analog and diethyl 4-methylbenzylphospho-
nate, co-crystallized with OPH [5]. In contrast to most previous structural studies, 
which assumed that the binding orientation of paraoxon resembles the substrate 
analog [6–8], we identified a different binding mode for paraoxon compared to its 
analog diethyl 4-methylbenzylphosphonate [9]. To do this, we used three different 
docking algorithms (POSIT, HYBRID, and FRED) available in OPENEYE software 
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(OEDocking 3.2.0, OpenEye Inc.) to generate fifty potential binding modes of 
paraoxon in the OPH binding site. After down-selecting to the two most dissimilar 
paraoxon-OPH docking poses, we carried out molecular dynamics (MD) simulations 
over long times, up to 105 ns, to obtain the most stable paraoxon binding mode and 
define binding interactions at the OPH active site. MD simulation was also performed 
to identify mutation sites that can stabilize paraoxon binding.

Details of the MD simulations can be found in Ref. [9]. In brief, we used the 
OpenMM simulation package 7.11. We assigned partial charges to the substrate (para-
oxon) atoms using the AM1-BCC charge model [10]. Amberff14SB and GAFF vs. 1.8 
force fields were applied to the protein and substrate, respectively. We applied the 
TIP3P force field to describe water. After solvating the protein-substrate complex in 
water in a cubic box of 10 Å on a side, Na+ and Cl− counter ions were added to neu-
tralize the system. We set the simulation time step to 4 fs and applied the hydrogen 
mass repartitioning approach [11, 12]. Long-ranged electrostatic interactions were 
calculated using the particle mesh Ewald approach [13], with a cut-off of 10 Å for the 
real-space electrostatic and Lennard-Jones forces. After minimizing the energy of the 
water and ions, while keeping the protein and substrate restrained using 500 kcal/
mol-Å2 positional restraints, we performed a second energy minimization step.

2.1.2 Cell-free protein synthesis of OPH variants

The rapid cell-free protein expression system can screen hundreds of variants per 
day in 200 μl reactions. The activity of the expressed product and substrate binding 
affinity also can be measured directly in the expression mixture, eliminating time-
consuming and labor-intensive cell culture-based protein expression and purification 
processes. A wheat germ cell-free protein synthesis system from Cell-Free Science was 
used to generate wild type (WT) and mutant OPH. WT and mutant OPH plasmids 
were cloned into a pEU-E01 vector. The cell-free expression reaction is detailed here: 
20 μl of transcription reactions containing 4 μl of 5x transcription buffer, 2 μl of NTP 
mix, 0.25 μl of RNase inhibitor, 0.25 μl of SP6 RNA polymerase, and 2 μl of plasmid 
are prepared and incubated at 37°C for 6 h, and then, translation reactions containing 
10 μl of transcription reaction, 0.8 μl of creatine kinase (1 mg/ml), 10 μl of WEPRO, 
75 μM of Zn(OAc)2, and 206 μl of SUB-MIX are prepared and incubated at 15°C for 
20 h. OPH variant expression in the cell-free reaction mixture was detected using 
SDS-gel. A series dilution of purified recombinant OPH was used as standards and 
loaded with cell-free generated OPH to a SDS gel, and OPH variant concentrations 
were determined by densitometry.

We also explored, for the first time, the possibility of using cell-free protein 
synthesis to express OPH with UAA substitutions. The small reaction volumes mini-
mize the need for large quantities of UAAs. The plasmid encoding UAA tRNA/tRNA 
synthetase pair can be co-translated in the same cell-free reaction with expression 
protein; thus, the expensive and tricky re-engineering of living cellular expression 
systems is not required to accommodate a new genetic code for UAAs. In addition, 
the cell-free protein synthesis system’s open access to transcription and translation 
simplifies protein expression optimization. To increase the chance of success, both 
wheat-germ and PURExpress cell-free system were used in this study. Six OPH 
mutants containing the amber codon for UAA substitution were constructed into 
both the PURExpress vector and pEU-E01 vector. Pilots of expression screening were 
performed with either co-translation of pAcFRS plasmid with OPH mutant plasmids 
in the same cell-free reaction or substitute reaction with pAcFRs protein and tRNA. 
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Ten UAAs were screened at various reaction conditions, including 4-acetyl-L-phenyl-
alanine, 3,4 dihydroxy-L-phenylalanine, 1-methyl-L-histine, 4-amino-L-phenylala-
nine, 4,4,4,4,4,4-hexafluoro-valine, p-fluoro-phenylalanine, 5,5,5-trifluoro-leucine, 
3,3,3-trifluoro-alanine, 1–4-thiazolylalanine, and L-3-thienylalanine. Only 4-acetyl-
L-phenylalanine showed some level of expression in both cell-free systems, but 
kinetic measurement did not detect any activity on this UAA substitution. This 
expression was not confirmed beyond visual observation of a SDS gel band since 
this substitution was not active kinetically. More work can be done in the future by 
researchers who desire to advance the cell-free protein expression capability.

2.1.3 OPH UAA variant expression in cell culture

Eight OPH mutants containing an amber codon for UAA substitution were 
generated by GenScript. OPH-H55TAG, H57TAG, H201TAG, H230TAG, H254TAG, 
H257TAG, D253TAG, and D253E/H254TAG were cloned into pET24b(+) vector using 
NdeI/XhoI sites for expression in an E. coli host. The WT and mutant OPH cloned 
into pET24b(+) vector were co-transformed into the E. coli strain BL21 ai with proper 
GCE plasmids (Table 1). WT-GFP and GFP-150 plasmids were used as positive 
controls for UAA substitution. The cells were grown in standard LB supplemented 
with 1 mM UAA and induced by 0.2% L-arabinose and 1 mM IPTG at 16°C overnight. 
Cells were harvested by centrifugation at 4500 g for 15 min and resuspended in 
Ni-NTA lysis buffer: 50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, and 0.1 μM 
pepstatin at a pH of 7.4. The cells were lysed using Microfluidizer (Microfluidics Corp, 
Westwood, MA) and then centrifuged at 12,000 g for 30 min. The collected superna-
tant was incubated with 5 ml of Ni-NTA resin under end-to-end shaking and loaded 
on a 5 mL HisTrap FF column. After washing with wash buffer containing 50 mM 
NaH2PO4, 300 mM NaCl, 20 mM imidazole, the proteins were eluted by elution 

Mutant 
plasmid

Antibiotic 
resistance

GCE plasmid Antibiotic resistance UAA

H257TAG Kanamycin (Kan) pDulo-halo Spectinomycin (Spec) 3,4-Dihydroxy-L-
phenylalanine

H257TAG Kan pDulo-halo Spec 3-BromoTyrosine

H257TAG Kan pDulo-pAminoPhe Spec 4-Amino-L-
phenylalanine

H55TAG Kan pEvol-pylRS-mjH Chloramphenicol 
(Chl)

3-Methyl-Histine

H57TAG Kan pEvol-pylRS-mjH Chl 3-Methyl-Histine

H201TAG Kan pEvol-pylRS-mjH Chl 3-Methyl-Histine

H230TAG Kan pEvol-pylRS-mjH Chl 3-Methyl-Histine

H254TAG Kan pEvol-pylRS-mjH Chl 3-Methyl-Histine

H257TAG Kan pEvol-pylRS-mjH Chl 3-Methyl-Histine

D253TAG Kan pEvol-pylRS-mjH Chl 3-Methyl-Histine

D253E/
H254TAG

Kan pEvol-pylRS-mjH Chl 3-Methyl-Histine

Table 1. 
GCE plasmid and UAA combination used for co-transformation.
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buffer containing 50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole. Elution frac-
tions containing OPH UAA variants were pooled together and concentrated using a 
protein concentrator from Thermo Scientific.

2.1.4 Spectrophotometric assay of OPH variant activity

For cell-free synthesized OPH variants, their activities and substrate binding 
affinities were measured directly in the cell-free reaction mixture using a BioTek plate 
reader (Winooski, VT) and that reported light absorbance of the paraoxon leaving 
group at 405 nm. The assay conditions for cell-free expression were carried out by 
adding various amounts of paraoxon (final concentration: 0.1, 0.2, 0.5, 1.0, 2.0 and 
3.0 mM) to 193.7 μL of buffer containing 100 mM CHES and 75 μM of Zn(OAc)2, at 
pH = 9.0. The reactions were started by adding 2 μL of cell-free generated WT or OPH 
variants.

The kinetic assays of OPH UAA variants were performed also by measuring 
the absorbance of the paraoxon leaving group at 405 nm, as mentioned above. The 
changes of absorbance at 405 nm over time were used to calculate initial catalytic 
velocities as a function of the various substrate concentrations. Then, the initial 
velocity data, along with corresponding paraoxon concentrations, were plotted and 
analyzed by the Michaelis-Menten equation to obtain Vmax and Km using GraphPad 
(GraphPad Software, Inc., La Jolla, CA, USA). The kcat was calculated by the ratio of 
Vmax and mutant concentration. Each kinetic measurement condition was performed 
in triplicate and standard deviation was calculated using GraphPad.

2.2 Results

2.2.1 Identify OPH UAA mutation sites with increased active site stability

OPH used in this study is a homodimer from Pseudomonas diminuta. The OPH 
crystal structure 1HZY [1] contains 330 amino acids and two Zn(II) metal cations in 
Chain A. One Zn(II) coordinates with active site residues H201, H230 and two water 
molecules. The other Zn(II) coordinates with active site residues H55, H57, D301 
and one water molecule [9]. Though OPH’s natural substrate and function remains 
unknown, it is very effective at hydrolyzing the P∙O bond of the phosphotriester 
insecticide paraoxon. OPH can also hydrolyze a wide spectrum of OP compounds 
containing phosphotriester (P∙O), phosphonothioate (P∙S), phosphonofluoridate 
(P∙F), and phosphonocyanate (P∙CN) bonds [14, 15].

Many previous studies on OPH focused only on altering the active site residues to 
achieve catalytic efficiency and substrate specificity. In this chapter, we extended our 
study of the OPH active site to include nearby active site residues as well, using the 
novel allosteric regulation approach. We targeted the residues near OPH active sites that 
do not coordinate with metal cations and are not involved in the hydrolysis reaction, 
but can form H-bonds with active site residues. In that way, we identified D253, which 
forms an H-bond with H230. An interesting observation about OPH is that its active 
site is dominated by four histidine residues: H55, H57, H201, and H230 (Figure 1). H254 
and H257 also form an aromatic stacking network at the active site, while H257 plays 
an important role in stabilizing OPH [16]. We found that histidine’s aromatic structure 
made it a great candidate for aromatic UAA substitution. Alterations of these histidine 
residues with UAA were achieved for examination of a more stable substrate binding 
reaction.
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2.2.2  Cell-free protein synthesis of OPH variants with increased thermal stability 
and substrate binding affinity

Despite the high-throughput advantage, a big challenge for many researchers 
has been how to maintain kinetic activity of expressed protein in cell-free protein 
synthesis system. Through screening of the cell-free reaction conditions, we have 
determined that the amount of creatine kinase played a key role in the success of OPH 
variant expression. Creatine kinase concentration was optimized and a large number 
of OPH variants were generated successfully using the cell-free protein synthesis 
system. Kinetic measurements were performed directly using the cell-free reaction 
mixture. Results of single mutation at D253E and double mutations at D253E/H254R 
both have improved paraoxon binding. Detailed study on OPH structure and kinetics 
on these two variants are reported in our recent publication [9]. In a separate study, 
we were interested in two threonine residues at allosteric location 54 and 199. We 
have examined the potential to replace threonine with a larger amino acid isoleucine 
to fill in the gap in OPH structure, therefore, to achieve active site stabilization. 
Single mutation at T199I and double mutation at T199I/T54I were not able to improve 
paraoxon binding affinity, but both mutations increased OPH kinetic activity up to 
200-fold compared to WT OPH at temperature up to 60°C (manuscript under prepa-
ration), which shined light on OP agent remediation that requires OPH to function at 
elevated temperatures.

2.2.3 OPH UAA mutant expression in E. coli host

UAA substitution at H257 site was selected as an example to show expression 
level over time. The 4-amino-L-phenylalanine, 3,4-dihydroxy-L-phenylalanine, and 

Figure 1. 
A. Schematic diagram of OPH catalyzed hydrolysis reaction. B. OPH active site showing all four histidine residues 
and their interaction with Zn(II). C. Structure of UAAs used in this study.
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3-bromotyrosine substitutions at H257 were successfully expressed (Figure 2) over a 
36-hour time period. Both 4-amino-L-phenylalanine and 3-bromotyrosine substitu-
tions expressed at a relatively earlier time around 12 h, followed by 3,4-dihydroxy-
L-phenylalanine substitution expression starting around 24 h. All substitutions are 
consistently expressed up to 36 h. The 3-methyl-histine substitution was also suc-
cessfully expressed at H55, H57, H201, H230, H254, and H257. The 3-methyl-histine 
mutant expression level was higher than other three UAA substitutions due to close 
structural similarity to histidine.

2.2.4 Spectrophotometric assay of OPH UAA variant activity

The catalysis of P-O bond cleavage of paraoxon was monitored using a continuous 
spectrophotometric assay. Both kcat and Km values were measured and compared to 
WT OPH (Table 2). The 3,4-dihydroxy-L-phenylalanine substitution at H257 did not 
have any detectable activity. 4-amino-L-phenylalanine and 3-bromotyrosine substitu-
tions at H257 resulted in a Km of 0.018 mM and 0.073 mM, respectively (Table 2). 
The 4-amino-L-phenylalanine substitution at H257 improved paraoxon binding by 
4.6-fold compared to WT OPH, while 3-bromo-tyrosine substitution at H257 did 
not improve paraoxon binding compared to WT OPH. Catalytic rates, kcat, for these 

Figure 2. 
Time course of OPH UAA substitution expression. Three UAAs were tested for expression over a time period of 
36 h. GFP plasmids were used as positive control. UAA expression was detected starting at 12 h, and maintained 
up to 36 h. Letter abbreviations of UAA’s full names are colored in red and to label UAA expression on SDS gels.
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mutants were not calculated due to low protein concentration after elution from 
Ni-NTA column, which made protein concentration measurement impossible.

Non-histidine residue UAA substitution at D253 was not able to improve substrate 
binding. This aligns with our hypothesis that our selected UAAs are more suitable for 
histidine replacement.

All 3-methyl-histine substitutions are kinetically active (Table 2). The 3-methyl-
histine substitution at H230 resulted in the most improvement among all mutants, 
with a 14.4-fold increase in paraoxon binding. The 3-methyl-histine substitution at 
H55 was the most active mutant, with a 3.2-fold increase in paraoxon binding.

2.3 Discussion

An effective enzyme bio-engineering approach starts by the identification of key 
amino acid residues that, when altered, improve the activity of the targeted enzyme. 
Many successes have been demonstrated through the development of small molecule 
binding proteins [17] and redesign of enzyme binding sites to either accommodate a 
new substrate [18] or engineer novel catalytic sites [19, 20]. A few promising results 
in developing potential therapeutics have examined the applications of allosteric 
regulations in protein engineering [21–30].

OPH is capable of hydrolyzing a wide spectrum of OP compounds, but its appli-
cation in neurotoxin degradation was limited due to insufficient substrate binding 
affinity. In our previous project on developing thermally stable OPH variants, we 
utilized an allosteric network modulation algorithm and molecular design suite “Eris” 
[31, 32]. Hotspots that enhanced allosteric network stability were identified and we 
produced dozens of OPH mutants exhibiting enhanced kinetics for paraoxon, but 
none of them improved substrate binding. Saturation mutagenesis done by Chen et al. 
also failed to tighten substrate binding [33].

In this work, we investigated the potential of using UAA substitutions to improve 
OPH substrate binding. OPH has a unique active site structure packed with histidine 
residues. These histidine residues form aromatic stacking network and H-bond with 

kcat (s−1) Km (mM) Km fold improvement

WT OPH 25750.0 ± 2060.6 0.0835 ± 0.0186 —

H257-AminoPhe — 0.0180 ± 0.0062 4.6

H257-BromoTyr — 0.0728 ± 0.0146 1.1

H257-HydroxyPhe — — —

H55-MethylHis 588.9 ± 27.3 0.0265 ± 0.0055 3.2

H57-MethylHis 221.0 ± 24.2 0.2346 ± 0.0719 0.36

H201-MethylHis 2.5 ± 0.1 0.0174 ± 0.0024 4.8

H230-MethylHis 4.9 ± 0.1 0.0058 ± 0.0005 14.4

H254-MethylHis 25.6 ± 0.9 0.0254 ± 0.0046 3.3

H257-MethylHis 56.0 ± 3.0 0.0459 ± 0.0096 1.8

D253-MethylHis 2.0 ± 0.2 0.2137 ± 0.0660 0.4

D253E-H254MethylHis 2.6 ± 0.3 0.0991 ± 0.0318 0.8

Table 2. 
The kcat and Km measured for WT and mutant OPH.
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substrate. Three GCE plasmids and four UAAs were tested successfully for OPH UAA 
expression. Among four UAA substitutions, 3,4-dihydroxy-L-phenylalanine substitu-
tion not only needed longer time to express, but also resulted in no detectable activity. 
The 3-bromotyrosine substitutions expressed well, with low yield after purification, 
but this substitution was not able to improve substrate binding. These observations 
eliminate both compounds from the potential UAA substitution list. The 4-amino-
L-phenylalanine substitution expressed well, with a low protein yield after purifica-
tion. This result makes kinetic measurement difficult. With a 4.6-fold improvement 
on substrate binding, further optimization on protein expression could still make 
4-amino-L-phenylalanine a good UAA substitution candidate. The 3-methyl-His 
replacement achieved the highest protein expression level, and the 3-methyl-His 
replacement at H230 expressed the highest improvement on paraoxon binding. 
3-methyl-His replacement at H230 was able to bring Km down to 5.8 μM, close to the 
nerve agent lethal dose. Since H230 is located at the OPH active site, the 3-methyl-His 
replacement also reduced the turnover rate of this mutation. Force fields for these 
UAAs are not currently available, so MD simulation cannot yet be used to examine 
UAA orientations at the active site nor any formation of H-bond after UAA substitu-
tion. The goal of this study is to demonstrate the proof-of-concept of the feasibility of 
using UAA substitution to stabilize the OPH active site and improve substrate binding 
affinity. Our results are promising and provide new insight into OPH bioengineering.

2.4 Conclusion

In this chapter, we demonstrated the high-throughput of cell-free protein syn-
thesis in enzyme kinetic studies. We also explored the possibility of using UAA to 
enhance OPH substrate binding by testing a method utilizing GCE machinery to 
incorporate selected UAAs into OPH. A TAG stop codon was inserted into OPH  
to replace these sites, and OPH mutants with UAA substitution were expressed suc-
cessfully. A total of eleven UAA substitutions were generated, with 3-methyl-histine 
substitutions identified as the most suitable to replace the OPH active site histidine 
network. Results of kinetic studies of these mutants show significantly improved 
OPH substrate binding affinity.
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