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Review Article

Acetylcholine: The Master Messenger of the Nervous

System
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ABSTRACT

Acetylcholine is the major neurotransmitter, whose role in mediating synaptic interactions
between neuronesin the central nervous system as well as in the peripheral nervous systemis well
characterized. In human beings acetylcholine system regulates multiple physiological processes
not only in neuronal tissues but also in nonneuronal tissues. However, since the concept of the
“nonneuronal cholinergic system” has been proposed, the role of the acetylcholine system in
nonneuronal tissues has received increasing attention. A growing body of research shows that
the acetylcholine system also participates in modulating inflammatory responses, regulating
contraction and mucus secretion of respiratory tracts, and influencing the metastasis and
invasion of lung cancer. In addition, the susceptibility and severity of respiratory tract infections
caused by pathogens such as Mycobacterium tuberculosis and the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) can also correlate with the regulation of the acetylcholine
system. So, acetylcholine as an excitatory neurotransmitter not only affect many neuronal
processes, development of nervous system, plasticity of nervous system, cope up with stress,
neuroprotection but it also influences other systems respiratory, cardiovascular, gastrointestinal
as well.
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Nervous System.

INTRODUCTION

Acetylcholine (Ach) is a small molecule plays a crucial role in
maintaining homeostasis and brain functions by acting as a
neurotransmitter or chemical messenger, that functions in both
central and peripheral nervous systems (Picciotto et al., 2012).
Acetylcholine was the first neurotransmitter to be identified.
The name acetylcholine is derived from its structure. It is a
chemical compound made up of acetic acid and choline. It is
synthesized by choline acetyltransferase enzyme with choline
and acetyl coenzyme- as a substrate. Acetylcholine released
from nerve-endings upon nerve excitation and is rapidly
degrade by acetylcholinesterase into choline and acetic acid. The
neurotransmitter acetylcholine is excitatory at the neuromuscular
junction in skeletal muscle, causing the muscle to contract. In
contrast, it is inhibitory in the heart, where it slows heart rate.
Acetylcholine is known to play an important role in memory
and learning and to be inadequately available in Alzheimer’s
disease. Acetylcholine is a neurotransmitter at various synapses,
nerves, and at the motor nerve plate of vertebrate muscles
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(Suryanarayanan, 2014). As a first-discovered neurotransmitter, it
regulates movements, heartbeat, digestion, and breathing, as well
as other autonomic functions between neurones and nonneural
tissues. However, ACh can also be found in the Nonneuronal
Cholinergic System (NNCS). The concept of the “NNCS” was first
proposed by Sastry and Sadavongvivad in the 1970s (Sastry and
Sadavongvivad, 1978). In addition, the NNCS have been detected
in reproductive organs (ovary, placenta, and amnion), immune
cells, airway, and alimentary epithelial cells, as well as in cancers
such as lung cancer, and breast cancer (Grando et al., 2003).

History

Naturally occurring acetylcholine was first isolated in 1913
by English chemist Arthur James Ewins, at the urging of his
colleague, physiologist Sir Henry Dale. Henry Dale described
the chemical action of acetylcholine. The functional significance
of acetylcholine was first established in 1921 by German
physiologist Otto Loewi. Loewi demonstrated that acetylcholine
is liberated when the vagus nerve is stimulated, causing slowing
of the heartbeat. Subsequently he and others showed that the
chemical is also liberated as transmitter at the motor end plate
of striated (Voluntary) muscles of vertebrates. It subsequently
identified as transmitter a many neural synapses and in may
invertebrate system as well. Due to work of Dale’s and Loewi’s
acetylcholine became the first neurotransmitter to be identified
and characterized. For this work both the scientist shared the
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Nobel Prize in Physiology or Medicine and medicine in 1936 (Sir
Henry Dale- facts).

Acetylcholine Receptors

The acetylcholine receptors are proteins, that after binding with
acetylcholine undergo a conformational transition which result
in membrane permeability (Nachmansohn, 1955). There are two
types of acetylcholine receptors.

o Metabotropic muscarinic receptors
o Ionotropic nicotinic receptors

Both types of receptors being activated by endogenous
neurotransmitter Acetylcholine (ACh) and they are expressed
by both neuronal and nonneuronal cells throughout the body
(Albuquerque et al., 1995; Dani and Bertrand, 2007; Eglen et al.,
2004).

Muscarinic acetylcholine Receptors or mAChRs are acetylcholine
receptors that form G-protein coupled receptor complexes, in the
cell membranes of certain neurones (Eglen, 2006). Muscarinic
receptors are so named because they are more sensitive to
muscarine than nicotine. Activation of muscarinic acetylcholine
receptor is relatively slow millisecond to cAMP, and free calcium.
They play several roles, including acting as the main end- receptor
stimulated by acetylcholine released from postganglionic fibres in
the parasympathetic nervous system (Eglen, 2005).

The other subtype of acetylcholine receptors is the fast ionotropic
cationic receptor channel (nAChR). These receptors are sensitive
to activation by nicotine and have ion channels whose activity is
induced in the micro-to submicrosecond range.

Functions

Acetylcholine has functions both in the peripheral nervous system
and in the central nervous system (CNS) as a neuromodulator. In
the peripheral nervous system, acetylcholine activates muscles,
and it is major neurotransmitter in the autonomic nervous
system. In the CNS, acetylcholine and the associated neurones
form a neurotransmitter system, the cholinergic system, which
tends to cause excitatory actions.

In Peripheral Nervous System

In the peripheral nervous system, acetylcholine activates muscles,
and is a major neurotransmitter in the autonomic nervous system
as well. When acetylcholine binds to acetylcholine receptors on
skeletal muscle fibres, it opens ligand gated sodium channels
in the cell membrane. Sodium ions then enter the muscle cell,
stimulating muscle contraction. Acetylcholine, while inducing
contraction of skeletal muscle, instead induces decreased
contraction in cardiac muscle fibres. This distinction is attributed
to differences in receptors structure between skeletal and cardiac
fibres.
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In Central Nervous System

In the central nervous system, the cholinergic neurones are widely
distributed in various brain areas like spinal cord, hindbrain,
medial habenula, mesopontine region, basal forebrain, striatum,
olfactory tubercle and island of Cajella complex (Armstrong et
al., 1983; Houser et al., 1983; Woolf, 1991; Woolf and Butcher,
2011). In central nervous system acetylcholine has a variety of
effects as a neuromodulator. Within the brain acetylcholine
has involvement in memory, motivation, arousal and attention
(Christian and Bruno, 2023). Acetylcholine has an important role
in the enhancement of alertness when we wake up (Jones, 2005),
in sustaining attention (Himmelheber et al., 2000) and in the
learning and memory (Ridley et al., 1984).

In Development of Nervous System

Acetylcholine neurotransmitter plays an important role in
developing tissues and primitive organism, as it is released from
growing axons, regulates growth, differentiation and plasticity
of developing central nervous system neurones (Lauder and
Schambra, 1999). One study discusses the evidence that the
nicotinic acetylcholine receptors have additional function during
development that may be unrelated to their role in cholinergic
neurotransmission in the vertebrate brain. It means nicotinic
acetylcholine receptors support in neural developmental process
such as neurite outgrowth and differentiation (Andrea and
Torraoluiz, 2002). One more study support that acetylcholine
is found in the first moment of developing the ectodermal
system (neural plate), as its action is fundamental for the
differentiation of neural cells. So, the neurotransmitter acts as a
morphogen (Christian and Bruno, 2023). Thus, neurotransmitter
acetylcholine may play important role during development of
nervous system.

Learning and Memory

The acetylcholine plays an important
role in supporting learning (Fine et al, 1997; Miranda and
Bermudez-Rattoni,
hippocampus (Parent and Baxter, 2004). As degeneration of
central cholinergic neurones impairs memory, and enhancement
of cholinergic synapses improves cognitive processes (Maurer
and Williams, 2017). It also plays an important role in cognitive
functions as-working memory, attention, episodic memory and
spatial memory function. It also shows modulatory influences
on the cellular physiology of hippocampal and cortical neurones
(Newman et al., 2012). Study done by Hasselmo and Bower (1993)
clearly indicated that both muscarinic and nicotinic acetylcholine
receptors have a role in encoding new memories. Another study
have demonstrated that endogenous acetylcholine is important
for modulation of acquisition (Blokland et al., 1992), encoding
(Winters and Bussey, 2005), consolidation (Power et al., 2003),
reconsolidation (Boccia et al., 2004), extinction (Boccia et al.,
2009) and retrieval of memory (Boccia et al., 2003).

neurotransmitter

1999) and memory processes in the
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In Stress

Stress can be defined as brain-body reaction toward stimuli arising
from the environment or from internal cues that are interpreted
as a disruption of homeostasis. It is a natural, physical and mental
reaction to life experiences. It is normal human reaction that
happens to everyone. Acetylcholine neurotransmitter may have
some role during stress. Acetylcholine is released by nerve cells
in the brain when people or mice are mild stress or concentrating
on learning something new (Science News Staff, 1998). Acute
stress leads to elevated hippocampal acetylcholine (Stillman et
al., 1997), and may induce hyper excitation of cholinergic circuits
(Zimmerman and Soreq, 2006) particularly in the hippocampus
(Pavlovsky et al., 2012). Different study showed that mild stressor
(handling) increases the extracellular concentration of dopamine
and acetylcholine in prefrontal cortex (Del Arco et al., 2007b;
Laplante et al., 2004; Mark et al., 1996; Segovia et al., 2008b).
Studies also showed that there is increased release of acetylcholine
in hippocampus region of brain under different situation of stress
(Imperato et al., 1991).

Acetylcholine in Neuroprotection

Neuroprotection is an effect that may result in salvage, recovery
or regeneration of the nervous system, its cells, structure and
function. Neuroprotective effects induced by long-term nAChR
stimulation indicate that CNS nAChRs play important roles
in promotion of neuronal survival under pathophysiological
conditions such as brain ischaemia and neurodegenerative
diseases (Akaike et al., 2018). a7 nicotinic acetylcholine receptors
(a7nAChR) are expressed in neurones, neuroglia, and endothelial
cells of the mammalian brain (Duris et al., 2011; Lightfoot et al.,
2008; Takada-Takatori et al., 2006). In addition to their effects
as ligand-gated ion channels, a7nAChR stimulation attenuates
neuronal apoptosis (Shaw et al., 2002).

In Gastrointestinal Tract

In the enteric nervous system, acetylcholine is the most common
neurotransmitter to induce gastrointestinal smooth muscle
contraction. The muscarinic M2 acetylcholine receptors is
the major muscarinic receptors subtype expressed by smooth
muscle tissue in the gastrointestinal tract (Iino and Nojyo, 2006).
According to the Hansen (2003), acetylcholine is the major
excitatory neurotransmitter of the enteric nervous system, and
its excitatory effect on intestinal smooth muscle is mediated
through the muscarinic type of acetylcholine receptors. In the
gastrointestinal system, acetylcholine also increases the peristaltic
movement of stomach and amplitude of digestive contraction.

On Cardiovascular System

Acetylcholine neurotransmitter also affects cardiovascular
system. The autonomic nervous system controls heart rate and
contractility through sympathetic and parasympathetic inputs to
the cardiac tissue with acetylcholine and Nor-adrenaline as the
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chemical transmitters (Arie et al., 2012). Acetylcholine released by
parasympathetic nerves regulates the minute-to-minute changes
in heart rate and contractility required for proper cardiovascular
function via muscarinic receptors opposing the activity of the
sympathetic nervous system (Levy, 1997). Acetylcholine slows
the heart rate by activating the muscarinic receptor (M2) (Robin
et al., 2018). It also regulates atrial activity and plays multiple roles
in ventricular function (Kanazawa et al., 2010; Lara et al., 2010).
A reduction in acetylcholine release is associated with the early
onset of cardiovascular disease, and increasing evidence support
the protective roles of Ach against cardiovascular disease (Ming
et al., 2024). Additionally, Mahmoud et al., (2015) demonstrated
that inhibition of the cholinergic nerve during cardiac injury
in neonatal mice and zebrafish leads to incomplete heart
regeneration, causing a significant decrease in neonatal cardiac
cell proliferation. Some studies suggest that implicate Ach act as
a major regulator of cardiac remodelling and provide support
for the notion that enhancing cholinergic signalling in human
patients with cardiac disease can reduce morbidity and mortality.

Effect on Eye

ACh is a major retinal neurotransmitter that modulates visual
processing through a large repertoire of cholinergic receptors
expressed on different retinal cell types (Elgueta et al., 2015).
Muscarinic acetylcholine receptor belong to the superfamily of G-
protein coupled receptors and it is widely expressed in the eye and
its adnexa (Hutchins and Hollyfield, 1984; Lind and Cavanagh,
1995) and exert multiple functions, such as- modulation of tear
secretion, regulation of pupil size, modulation of intraocular
pressure, participation in cell to cell signalling and modulation of
vascular diameter in the retina (Ruan et al., 2021) as the activation
and blockade of muscarinic acetylcholine receptors (mAChRs)
affects retinal ganglion cell light responses and firing rates (Strang
et al., 2010). Due to this variety of functions, abnormalities in
mACHhR signalling may contribute to the development of various
ocular diseases. By contrast, mAChR ligands have been used in
ophthalmology to treat dry eye disease, myopia and glaucoma.

In Alzheimer’s Disease

ACh has an important role in cognitive processes, the cholinergic
system is pointed as an important factor in many forms of
dementia, including Alzheimer’s disease (Muir, 1997; Wilcock et
al., 1982). Cholinergic neurones located in the basal forebrain,
including the neurones that form the nucleus basalis of Meynert,
are severely lost in Alzheimers disease. Alzheimers disease is
the most ordinary cause of dementia affecting 25 million people
worldwide. The hallmarks of the disease are the accumulation of
neurofibrillary tangled and amyloid plaques. Synaptic loss is the
main correlation of disease progression and loss of cholinergic
neurones contributes to memory and attention deficits (Talita et
al., 2016). Evidence exists for both cholinergic and glutamatergic
involvement in the aetiology of Alzheimer’s disease. ACh, a
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neurotransmitter essential for processing memory and learning,
is decreased in both concentration and function in patients with
Alzheimer’s disease (Francis, 2005).

Acetylcholine in Respiratory System

Acetylcholine produced and released by both neuronal and
nonneuronal sources acts through muscarinic receptors to
regulate many important physiological processes. It contracts
airway smooth muscle to control tone and regulate potency of
the conducting airways. In blood vessels, acetylcholine causes
smooth muscle relaxation and vasodilation. At mucosal glands
and epithelial cells, acetylcholine regulates mucus secretion and,
via ciliary beat frequency, mucus clearance.

Acetylcholine, released by parasympathetic nerves acts directly
at muscarinic receptors on airway smooth muscle to cause
bronchoconstriction. Therefore, as with vagotomy, muscarinic
receptor antagonists decrease smooth muscle tone (Kesler and
Canning, 1999; Severinghaus and Stupfel, 1955; Sheppard et al.,
1982) and prevent bronchoconstriction induced by electrical
stimulation of the vagus nerves.

Plasticity

ACh is involved with synaptic plasticity, specifically in learning
and short-term memory. Acetylcholine has been shown to
enhance the amplitude of synaptic potentials following long-term
potentiation in many regions, including the dentate gyrus,
CALl, piriform cortex, and neocortex. One more study supports
that acetylcholine plays a major role in inducing plasticity in
archi-, palaeo-, and neocortex (Rasmusson, 2000). This effect
most likely occurs either through enhancing current through
NMDA receptors or indirectly by suppressing adaptation. The
suppression of adaptation has been shown in brain slices of
regions CA1l, cingulate cortex, and piriform cortex, as well as
in vivo in cat somatosensory and motor cortex by decreasing
the conductance of voltage-dependent M currents and Ca2+-
dependent K+ currents.

Excitability

Acetylcholine also has other effects on excitability of neurones.
The cholinergic system in the brain modulates neuronal
excitability, synaptic transmission, and synaptic plasticity, playing
a significant role in many physiological functions (Picciotto et al.,
2012). Its presence causes slow depolarization by blocking a too
ionically-active K+ current, which increases neuronal excitability.
One that
modulate the neuronal excitability by interacting with specific

study suggests acetylcholine neurotransmitter
chemoreceptor molecules, changing the permeability of the
membrane to specific ions, and producing an excitatory effect
(Wanke and Ferroni, 1988). Andrei B. Belousov et al., 2015

(Belousov et al., 2001) suggest that in the absence of glutamate
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excitation in the hypothalamus in vitro, ACh, neurotransmitter
becomes the major excitatory neurotransmitter and supports
the excitation/inhibition balance. The increase in excitatory
ACh transmission during a decrease in glutamate excitation
may represent a novel form of neuronal plasticity that regulates
activity and excitability of neurones during the glutamate/GABA
imbalance.

CONCLUSION

Acetylcholine is a versatile and essential neurotransmitter with
both neuronal and nonneuronal functions. It plays a crucial
role in the central nervous system by regulating cognition,
memory, learning, and motor control, and in the peripheral
nervous system by mediating neuromuscular transmission
the
nervous system, acetylcholine also exerts significant effects on

and  autonomic-nervous-system  activities. Beyond
nonneuronal tissues, influencing cardiovascular functions such
as heart rate and vascular tone, respiratory functions including
bronchoconstriction and mucus secretion, and gastrointestinal
activities like motility and secretion. Thus, acetylcholine acts
as a key signalling molecule integrating neural and nonneural
processes, highlighting its broad physiological importance in
maintaining normal body function and homeostasis. In addition,
acetylcholine is essential for normal eye function, particularly
in pupil constriction and accommodation. Its deficiency and
dysfunction are strongly associated with neurological disorders
such as Alzheimer’s disease, where reduced cholinergic activity
contributes to memory loss and cognitive decline. Alterations
in acetylcholine signalling have also been linked to coronary
(cardiac) diseases through their influence on autonomic
regulation of the heart. Thus, acetylcholine acts as a key
signalling molecule integrating neural and nonneural processes,
highlighting its broad physiological importance in maintaining
normal body function and homeostasis.
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