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The fundamental process by which nerve cells, or neurons, interact with effector organs such
as muscles and glands and with each other is referred to as neurotransmission. Electrical and
chemical impulses are created, propagated, and conveyed through specialized junctions called
synapses. Such critical functions as movement, sensation, emotion, cognition, and autonomic
control are facilitated by this precisely regulated machinery, which ensures the coordinated
functioning of the nervous system. Release of chemical messengers, or neurotransmitters,
which bind to specific postsynaptic cell receptors and trigger a chain of cellular responses is
the building block of neurotransmission. Apart from the central nervous system (CNS), which
integrates and processes information, neurotransmission occurs in the peripheral and
autonomic nervous systems (PNS and ANS), which regulate involuntary functions such as
digestion, glandular secretion, and heart rate. Knowledge of the pharmacological actions of
most therapeutic drugs necessitates knowledge of the basics of neurotransmission, including
the role of neurotransmitters like acetylcholine, dopamine, serotonin, and GABA. The drug
manipulation of neurotransmission in clinical practice, some neurotransmitters that play a role
in central and autonomic processes, and the molecular basis of neural communication are all

discussed in this section.

2.1. GENERAL PRINCIPLES OF NEUROTRANSMISSION

Neurotransmission is the basic mechanism through which neurons exchange information with
one another and with effector organs (like muscles and glands) to control physiological
processes. This is an electrochemical communication that takes place through specialized
structures called synapses. Information is transmitted through neurotransmitters—chemical

messengers that convey signals from one neuron to another or from a neuron to other cells [1].

The whole process of neurotransmission is tightly regulated and highly coordinated to ensure
precision, speed, and adaptability. Abnormalities in neurotransmission are associated with
many neurological and psychiatric diseases, such as Parkinson's disease, depression, epilepsy,
and schizophrenia. Therefore, knowledge of its principles is essential for pharmacology,

particularly for the design of drugs that regulate neural communication.
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Figure 1: Neurotransmission

2.1.1. Steps in Neurotransmission

Neurotransmission is the basic process by which neurons interact with one another and with
effector cells like muscles or glands. The complex process includes the production, release,
and reception of chemical messengers (neurotransmitters) between synapses, and is necessary
for all neural processes ranging from movement, sensation, cognition, and emotion. The

following steps explain the entire process of neurotransmission:
1. Synthesis of Neurotransmitters

Neurotransmission is initiated by the synthesis of neurotransmitters. This may take place either
in the cell body (soma) or at the axon terminal, depending on the neurotransmitter type. The
small molecule neurotransmitters like acetylcholine, dopamine, serotonin, and GABA are
typically synthesized within the axon terminal with the help of enzymes that are transported
from the soma. For instance, dopamine is formed from tyrosine by the enzyme tyrosine
hydroxylase. Conversely, neuropeptides (e.g., substance P, endorphins) are larger
neurotransmitters that are made in the soma as pre-propeptides, packaged into vesicles, and

transported down the axon by microtubules to the synaptic terminal.
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2. Storage in Synaptic Vesicles

After synthesis, neurotransmitters are packaged in membrane-bound synaptic vesicles in the
presynaptic terminal. The vesicles shield the neurotransmitters from enzymatic breakdown and
arrange them for quick release. The vesicle membrane has proton pumps and transporter
proteins that assist in sequestering neurotransmitters into the vesicle lumen. This storage makes

neurotransmitters available for quick release upon stimulation of the neuron.
3. Arrival of Action Potential

When a neuron is adequately stimulated, an action potential (a brief, temporary depolarization
of the neuronal membrane) is initiated at the axon hillock and propagated down the axon to the
terminal. The electrical impulse is necessary for inducing neurotransmitter release.
Depolarization of the presynaptic membrane is triggered by the action potential arriving at the

synaptic terminal, which leads to calcium entry and eventual release of neurotransmitter.
4. Calcium Influx

Depolarization of the presynaptic membrane results in opening of voltage-gated calcium (Ca?")
channels. Calcium ions flood into the terminal along their electrochemical gradient. The entry
of calcium is the most important signal causing fusion of vesicles carrying neurotransmitter
with the presynaptic membrane. The quantity of calcium entering the terminal is directly

proportional to the probability and amount of neurotransmitter release [2].
5. Release of Neurotransmitter (Exocytosis)

When calcium reaches the presynaptic terminal, it binds to synaptotagmin, a calcium sensor on
the membrane of the vesicle. This triggers the SNARE complex (which includes proteins such
as synaptobrevin, syntaxin, and SNAP-25), which mediates the fusion of the vesicle with the
presynaptic membrane. The vesicle now opens, and its contents—neurotransmitters—are
released into the synaptic cleft by a process called exocytosis. This process is strictly regulated

and helps ensure that neurotransmitters are released in a precise and timely manner.
6. Binding to Postsynaptic Receptors

Neurotransmitters diffuse through the thin synaptic cleft and combine with specific receptors
on the postsynaptic membrane. The quality of the response is determined by the type of receptor

and neurotransmitter involved. These receptors can be:

e Jonotropic receptors (ligand-gated ion channels) that function to directly open or close

ion channels to change membrane potential.
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e Metabotropic receptors (G-protein-coupled receptors) that stimulate intracellular
second messengers such as cAMP or IPs.
For instance, glutamate excitates ionotropic receptors to cause an excitatory effect, whereas

GABA stimulates receptors leading to inhibitory effects through raising chloride ion influx.
7. Postsynaptic Potential

The binding of the neurotransmitters at receptors causes alteration in the postsynaptic

membrane potential. This alteration can be:

e Excitatory postsynaptic potential (EPSP): a depolarization that moves the membrane
potential toward the threshold for firing an action potential (e.g., glutamate-mediated
Na* influx).
e Inhibitory postsynaptic potential (IPSP): a hyperpolarization that decreases the
likelihood that the neuron will fire (e.g., GABA-mediated Cl™ influx).
Whether a new action potential will be formed in the postsynaptic neuron or not will depend

on whether there is summation of EPSPs and IPSPs at the axon hillock.
8. Termination of Signal

The neurotransmitter needs to be quickly withdrawn from the synaptic cleft to end the signal

and avoid continuous stimulation. This may happen through:

e Reuptake: the neurotransmitters like serotonin, dopamine, and norepinephrine are
reabsorbed into the presynaptic neuron by specific transporter proteins.
e Enzymatic breakdown: enzymes such as acetylcholinesterase quickly degrade
acetylcholine into acetate and choline.
e Diffusion: neurotransmitters may also diffuse away from the synaptic cleft into the
surrounding extracellular space.
The effectiveness of this process guarantees that neurotransmission is brief, specific, and

cyclical.
9. Recycling of Vesicles

Following exocytosis, the vesicle membrane is recovered through a process named
endocytosis, creating new vesicles that are replenished with neurotransmitters. This recycling
of the vesicle is necessary to achieve a reserve of release-ready vesicles and is facilitated by
proteins like clathrin and dynamin. The whole cycle allows for the neuron to be able to support

several cycles of neurotransmission throughout periods of high activity [3].
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2.1.2. Synaptic Transmission Overview

Synaptic transmission is the basic biological process by which neurons talk to one another or
to effector cells like muscle or glandular cells. It is at specialized synapses, the sites of cell-to-
cell communication within the nervous system. It is essential for the integration of sensory
input, motor output, cognition, behavior, and homeostasis. Synapses may be generally defined
as chemical synapses and electrical synapses, each having different mechanisms and functions

in neural computation.

Synaptic Transmission

L Post synaptic mechanisms

Taken back into the
presynaptic cell by
endocytosis

Enzymatic

degradation'\

Neurotransmitter
£
Binding with receptors
3

lon channels on post synaptic
membrane open up

£

Movement of ions occurs

Figure 2: Synaptic Transmission

» Chemical Synapses

Chemical synapses are the most common form of synapse found in the human nervous system
and involve unidirectional signal transmission from a presynaptic neuron to a postsynaptic
neuron or effector cell. During this process, neurotransmitters act as chemical messengers that

bridge the gap between the two cells.

At a chemical synapse, an action potential reaching the presynaptic terminal triggers the release
of neurotransmitters contained in synaptic vesicles. These neurotransmitters diffuse through
the synaptic cleft, a narrow space usually 2040 nanometers wide, and bind to specific
receptors on the postsynaptic membrane. The interaction of neurotransmitters with receptors
triggers a chain of intracellular processes leading to excitation or inhibition of the postsynaptic

cell, depending on the receptor and neurotransmitter involved [4].
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Chemical synapses are extremely adaptable and can perform signal amplification, integration
of inputs, modulation, and plasticity. All these make chemical synapses well-suited for
complicated and adaptive processes like learning, memory consolidation, and emotional

processing.
» Electrical Synapses

Electrical synapses are fewer in the mature human nervous system but have very important
functions in some specialized areas. Electrical synapses allow for direct cytoplasmic
transmission of ions and small molecules among neighboring neurons by means of special

protein channels termed gap junctions.

Electrical synapses are different from chemical synapses since they permit bidirectional and
very fast transmission of signals. They do not rely on neurotransmitters and are free from
synaptic delay, thus they play a vital role in reflex arcs, immature brains, and in synchronized
neural activity, as in the case of the retina, thalamus, and glial networks. Their dependability

and swiftness are beneficial for circuits that have to respond very quickly and synchronously.
» Synaptic Plasticity
One of the most interesting features of synaptic transmission is that it can alter in efficiency

and strength over time, something referred to as synaptic plasticity. This feature is responsible

for the nervous system's capacity for learning and adaptation based on experience.
Synaptic plasticity may be:

e Temporary, consisting of temporary alterations in neurotransmitter release or receptor
sensitivity.

e Long-term, for example, long-term potentiation (LTP) or long-term depression (LTD),
which are based on enduring synaptic strength changes via changes in gene expression,
receptor density, or synaptic structure.

Synaptic plasticity constitutes the cellular and molecular substrate of learning and memory,
and its dysregulation is involved in a variety of neurological and psychiatric diseases, such as

Alzheimer's disease, schizophrenia, and addiction.
> Types of Neurotransmitters and Their Roles

Neurotransmitters are classified in accordance with the effect they produce on the postsynaptic
cell and the receptor upon which they act. Neurotransmitters are the primary chemical

messengers for synaptic transmission and each has its own role within neuronal signaling.
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i.  Excitatory Neurotransmitters

These neurotransmitters cause depolarization of the postsynaptic membrane, raising the
probability of creating an action potential. The two most frequently occurring excitatory

neurotransmitters are:

¢ Glutamate: The major excitatory neurotransmitter of the CNS; it operates on AMPA,
NMDA, and kainate receptors.
e Acetylcholine (ACh): Stimulates nicotinic and muscarinic receptors; excitatory at

neuromuscular junctions and in some regions of the CNS.
ii.  Inhibitory Neurotransmitters

These hyperpolarize the postsynaptic membrane so that it is less likely to fire an action

potential.

e Gamma-Aminobutyric Acid (GABA): The brain's major inhibitory neurotransmitter;
it operates on GABA-A (ionotropic) and GABA-B (metabotropic) receptors.

e Glycine: The primary inhibitory neurotransmitter of the spinal cord and brainstem.

ili. Modulatory Neurotransmitters

These neurotransmitters are not themselves excitatory or inhibitory but modulate synaptic
transmission strength or quality. They usually act through metabotropic receptors and affect

second messenger systems.

e Dopamine: Involves reward, motivation, motor control, and mood.
e Serotonin (5-HT): Controls mood, appetite, sleep, and cognition.
e Norepinephrine: Regulates alertness, arousal, and stress response.
Each neurotransmitter has the ability to mediate through several receptor subtypes, further

enhancing the complexity and specificity of synaptic responses.

Synaptic transmission is a multi-faceted, precisely regulated process that guarantees efficient
communication in the nervous system. Chemical synapses predominate human neural networks
because of their adaptability, accuracy, and capacity for plastic changes. Electrical synapses,
although less common, are necessary to provide rapid signaling in specific pathways. The
variety of neurotransmitters and receptors enables a highly complex network of excitation,

inhibition, and modulation, allowing for anything from reflexes to higher cognitive processes.
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Grasping these mechanisms is important for understanding normal neural functioning as well

as the etiology of most neurological and psychiatric illnesses [5].

2.2. AUTONOMIC NERVOUS SYSTEM (ANS)

The Autonomic Nervous System (ANS) is a vital part of the peripheral nervous system that
manages involuntary physiological activities like heart rate, digestion, respiratory rate,
pupillary reflex, urination, and sexual arousal. It acts subconsciously and maintains

homeostasis by regulating smooth muscle, cardiac muscle, and glandular function.

The Autonomic Nervous System
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Figure 3: Autonomic Nervous System
The ANS is comprised of two main branches:
e The Sympathetic Nervous System (SNS) — linked to "fight or flight" reactions.
e The Parasympathetic Nervous System (PNS) - related to "rest and digest" functions.

Neurohumoral transmission within the ANS is mediated by two principal neurotransmitters:

acetylcholine (ACh) and adrenaline (epinephrine), with noradrenaline (norepinephrine). These
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chemical messengers convey signals from autonomic neurons to effector organs through a

highly orchestrated series of events.

2.2.1. Neurohumoral Transmission in the ANS

Neurohumoral transmission is the mechanism by which nerve impulses are translated into
chemical signals that affect the activity of target tissues. In the autonomic nervous system
(ANS), this mechanism is critical for the control of involuntary physiological functions like
heart rate, digestion, respiratory rate, pupillary response, and glandular secretion. The
"neurohumoral" designation highlights the utilization of chemical messengers

(neurotransmitters) to facilitate communication between neurons and effector organs [6].
» Overview of Neurohumoral Signaling in the ANS

The ANS is further split into the sympathetic and parasympathetic divisions, with both using a
two-neuron chain to conduct impulses from the CNS to peripheral organs. Both of these
pathways use a preganglionic neuron, which synapses within an autonomic ganglion, and a

postganglionic neuron, which innervates the target organ.

e Preganglionic neurons in both sympathetic and parasympathetic divisions release
acetylcholine (ACh) as their neurotransmitter, which acts on nicotinic cholinergic

receptors on the postganglionic neurons.

o Postganglionic parasympathetic neurons also release acetylcholine, which acts on
muscarinic cholinergic receptors located on the effector organs (e.g., heart, lungs, GI

tract).

o Postganglionic sympathetic neurons predominantly release noradrenaline
(norepinephrine), which binds to adrenergic receptors (o and B types) on the target

tissues (e.g., blood vessels, heart, bronchi).
There are notable exceptions:

o Sweat glands (innervated by sympathetic nerves) are activated by acetylcholine rather

than noradrenaline.

e The adrenal medulla acts like a modified sympathetic ganglion, releasing adrenaline
and noradrenaline directly into the bloodstream upon stimulation by preganglionic

sympathetic fibers.
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» Stages of Neurohumoral Transmission in the ANS

Neurohumoral transmission is a stepwise process, providing accurate regulation of autonomic
function. The stages are the same for both branches of the ANS, although the neurotransmitters

and receptors used may be different.
1. Synthesis of Neurotransmitters
Neurotransmitters are produced in the presynaptic terminals of autonomic neurons.

e Foracetylcholine, synthesis uses choline acetyltransferase, which catalyzes the reaction
between acetyl-CoA and choline.

e For noradrenaline, the synthesis starts with tyrosine, which is transformed to L-DOPA,
then to dopamine, and eventually to norepinephrine by the activity of dopamine -
hydroxylase in synaptic vesicles.

These neurotransmitters are responsible for signal transmission and modulation of target organ

function
2. Storage in Synaptic Vesicles

Following synthesis, neurotransmitters are placed into synaptic vesicles in the nerve terminal.
This safeguards them from enzymatic breakdown and positions them for imminent release.
Vesicular transport machinery, including the vesicular monoamine transporter (VMAT) for

catecholamines and VAChT for acetylcholine, dominate this phase [7].
3. Release Upon Arrival of an Action Potential

On reaching the presynaptic terminal, an action potential causes the opening of voltage-gated
calcium channels, leading to influx of Ca?*". Intracellular calcium concentration increases and
causes a cascade of SNARE proteins to induce fusion of synaptic vesicles with the plasma
membrane [8]. This causes neurotransmitters to be released into the synaptic cleft. This is a
quick and tightly controlled process, ensuring that the release of neurotransmitter corresponds

exactly with the arrival of the nerve impulse.
4. Binding to Receptors on the Effector Organ

The released neurotransmitters diffuse through the synaptic cleft and occupy certain receptors

on the postsynaptic membrane or effector organ.

e Acetylcholine is attached to nicotinic receptors on ganglia and muscarinic receptors on

target tissues.
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e Noradrenaline occupies al, a2, B1, B2, and B3 adrenergic receptors, each stimulating
varying physiological outcomes. For instance, B1 increases heart rate and al triggers
vasoconstriction.

The character of the response (inhibitory or excitatory) is a function of the nature and

distribution of the receptors.
5. Termination of Action
To ensure the rapid termination of neurotransmitter action, several mechanisms exist:

e Acetylcholine is hydrolyzed by the enzyme acetylcholinesterase into acetate and
choline, which is reused.

e Noradrenaline is mostly cleared by reuptake into the presynaptic neuron by the
norepinephrine transporter (NET). Others can also be broken down enzymatically by
monoamine oxidase (MAQ) or catechol-O-methyltransferase (COMT).

These mechanisms avoid ongoing stimulation of the effector organ and ensure homeostasis

within the autonomic system.
» Significance of Neurohumoral Transmission in ANS Function

Neurohumoral transmission guarantees that autonomic responses are reversible and rapid, so
that the nervous system can have accurate control over essential organ systems. These include
heart rate modulation, regulation of respiratory rhythm, blood pressure, digestion, adjustment
of pupil size, and bladder function. Diseases of neurohumoral transmission may cause
hypertension, orthostatic hypotension, autonomic neuropathy, or dysautonomia. Additionally,
a variety of pharmacological drugs (e.g., muscarinic antagonists, 3-adrenergic blockers, a-
adrenergic agonists) have been developed to affect particular stages of this cascade with

therapeutic effect in cardiovascular, respiratory, and gastrointestinal disorders [9].

2.2.2. Acetylcholine: Synthesis, Release, and Action

Acetylcholine (ACh) is probably the most significant and well-studied neurotransmitter in the
human body. It is the major neurotransmitter of the parasympathetic nervous system, but it also
plays pivotal roles in the sympathetic preganglionic neurons, some postganglionic sympathetic
fibers (e.g., those to sweat glands), somatic motor neurons, and some areas of the central
nervous system (CNS). Acetylcholine is implicated in a broad range of physiological processes
such as cardiovascular control, contraction of smooth muscle, glandular secretion, and

neuromuscular transmission.
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Svnthesis of Acetylcholine

The production of ACh takes place in the cytoplasm of cholinergic neurons, namely at the axon
terminals. The enzyme responsible for its production is choline acetyltransferase (ChAT),
which catalyzes the acetyl group transfer from acetyl coenzyme A (acetyl-CoA) to choline to

produce acetylcholine.
ChAT
Choline + Acetyl — CoA — Acetylcholine(ACh) + CoA

o Acetyl-CoA is generated in mitochondria via the citric acid cycle.

e Choline is obtained from the extracellular fluid through active transport or from the

breakdown of phospholipids.

This reaction occurs rapidly and efficiently, ensuring a steady supply of acetylcholine for

neurotransmission.

Storage and Release of Acetylcholine

After synthesis, acetylcholine is transported into synaptic vesicles by the vesicular
acetylcholine transporter (VAChT), which preserves the concentration gradient that is needed

for efficient release.

When an action potential reaches the presynaptic terminal, it triggers depolarization, which
results in the opening of voltage-gated calcium channels. The resulting influx of calcium ions
(Ca?") into the neuron is the stimulus for exocytosis [10]. The synaptic vesicles merge with the
presynaptic membrane via a SNARE protein complex, and ACh is released into the synaptic

cleft.

This release is strictly controlled to provide proper timing and amount of neurotransmitter

availability

Receptor Binding and Post-Synaptic Action

Once released into the synaptic cleft, acetylcholine acts by binding to cholinergic receptors,

which are generally divided into two categories:
1. Nicotinic Receptors (nAChRs)

These are ligand-gated ion channels that permit the movement of Na® and K* ions through the

cell membrane on activation. They occur at:
e Autonomic ganglia (both sympathetic and parasympathetic)

e Adrenal medulla (stimulates release of adrenaline and noradrenaline)

60



DOI 10.5281/zenodo. 15826880 https://doi.org/10.5281/zenodo. 15826881
ADVANCED PHARMACOLOGY -1

e Neuromuscular junctions (causes skeletal muscle contraction)

Activation of nicotinic receptors causes rapid depolarization, leading to excitatory postsynaptic

potentials and, in the case of motor neurons, muscle contraction.
2. Muscarinic Receptors (mAChRs)

These are G-protein-coupled receptors (GPCRs) and mediate slower, modulatory responses.
They are found mainly on effector organs innervated by postganglionic parasympathetic

neurons. Five subtypes (M1-M5) exist, the most physiologically relevant being:

e M1 — CNS and gastric glands (stimulates cognitive function and acid secretion)

e M2 — Heart (decreases heart rate and contractility)

e M3 — Smooth muscles and glands (elicits contraction and secretion)

e M4 and M5 — CNS (not as well-characterized, modulatory roles)
Each of these receptor subtypes is coupled with various G-proteins and affects second
messengers including IP;, DAG, or cAMP and hence produces an incredible variety of

physiological responses.

Termination of Action

Unlike some neurotransmitters, which are being reabsorbed, acetylcholine is quickly broken
down in the synaptic cleft by the enzyme acetylcholinesterase (AChE). Breakdown products

arc:

e Choline, which is reabsorbed actively into the presynaptic terminal through a high-
affinity transporter and recycled.
e Acetate, which diffuses away and is metabolized.
This fast breakdown guarantees tight control of cholinergic transmission and avoids permanent
activation of the post-synaptic receptors, which under other circumstances might result in

desensitization or toxicity [11].

Physiological Effects of Acetylcholine

Acetylcholine has generalized parasympathetic actions, most of which are mediated via M2

and M3 receptors:

e Cardiac system: Decreases the heart rate (negative chronotropy) and force of
contraction (negative inotropy) through M2 receptors.
e Respiratory airway: Results in bronchoconstriction and increased bronchial

secretions.
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¢ Gastrointestinal system: Increases glandular secretions and peristalsis.

e Urinary bladder: Elicits detrusor muscle contraction and sphincter relaxation,
allowing micturition.

e Eye: Produces pupillary constriction (miosis) and near vision accommodation through
contraction of the ciliary muscle.

These effects represent the parasympathetic "rest-and-digest" response.

Clinical Relevance

Knowledge of the physiology of acetylcholine has provided the basis for several critical classes

of drugs:

e Anticholinesterases (e.g., neostigmine, physostigmine): These agents block AChE,
raising acetylcholine concentration in the synapse. They are administered to treat
myasthenia gravis, postoperative ileus, and glaucoma, and to reverse neuromuscular
blockade.

e Muscarinic antagonists (e.g., ipratropium, atropine): These blocks ACh at
muscarinic receptors and are employed in asthma, bradycardia, and preoperative drying
of secretions.

e Nicotinic antagonists: Used in anaesthesia to induce muscle relaxation during surgery.

¢ Botulinum toxin: Prevents the release of ACh at the neuromuscular junction and
results in flaccid paralysis. It is therapeutically used in spastic muscle, chronic

migraines, and cosmetic procedures.

2.2.3. Adrenaline: Synthesis, Release, and Action

Adrenaline, or epinephrine, is a potent catecholamine that acts as both a hormone and a
neurotransmitter within the sympathetic nervous system. It is the key player in the body's "fight
or flight" response, which readies the organism to cope with stressful or emergency situations
[12]. Though small quantities of adrenaline can function locally as a neurotransmitter, most of
its actions are systemic, mediated through its release into the blood by the adrenal medulla,

thereby qualifying it as one of the few neurotransmitters with prominent endocrine action.

Svnthesis of Adrenaline

Adrenaline is produced in chromaffin cells of the adrenal medulla, which are functionally
equivalent to sympathetic postganglionic neurons. Adrenaline synthesis is a multi-step

enzymatic process, starting with the amino acid tyrosine:
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1. Tyrosine is hydroxylated to L-DOPA by the enzyme tyrosine hydroxylase, the rate-
limiting step in catecholamine synthesis.

2. L-DOPA is decarboxylated to dopamine by DOPA decarboxylase.

3. Dopamine is converted to noradrenaline (norepinephrine) by dopamine B-hydroxylase,
an enzyme that exists within storage vesicles.

4. Lastly, noradrenaline is methylated into adrenaline by phenyl ethanolamine-N-
methyltransferase (PNMT), an enzyme that exists largely in the cytoplasm of adrenal
medullary cells.

PNMT activity is induced by cortisol, secreted from the adrenal cortex and transported to the
adrenal medulla via an intra-adrenal portal circulation. This intra-adrenal interaction highlights

the coordination of stress hormones to govern sympathetic function.

Release of Adrenaline

Adrenaline is contained in secretory granules in chromaffin cells. When stimulated by
preganglionic sympathetic fibers, which release acetylcholine that stimulates nicotinic
receptors on chromaffin cells, there is a calcium-dependent exocytosis of the granules. This
results in the release of both adrenaline and noradrenaline into the circulation, with

approximately 80% of catecholamines released by the adrenal medulla being adrenaline.

In contrast to classical neurotransmitters, adrenaline secreted by the adrenal medulla is a
hormone that flows in the blood to affect distant organs and tissues. This system supports a
synchronized, body-wide sympathetic response, particularly in response to acute stress,

hypoglycemia, or exercise.

Receptor Binding and Signal Transduction

Adrenaline works by binding to adrenergic receptors, which are G-protein-coupled receptors
(GPCRs) on the surface of many target tissues. They are categorized into two broad types, with

subtypes:
Alpha-Adrenergic Receptors:

e 01 receptors: Predominantly located on vascular smooth muscle; stimulation leads to
vasoconstriction, peripheral resistance, elevated blood pressure, dilation of the pupils
(mydriasis), and contraction of the bladder sphincter.

e 02 receptors: Presynaptic in location; they inhibit release of norepinephrine, giving a
negative feedback system. They also reduce secretion of insulin and are involved with

vascular tone.
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Beta-Adrenergic Receptors:

e [ receptors: Primarily found in the heart; stimulation leads to augmented heart rate
(positive chronotropy), increased force of contraction (positive inotropy), and increased
AV conduction (positive dromotropy).

e [ receptors: Present in bronchial smooth muscle, vascular beds, liver, and skeletal
muscle. These mediate bronchodilations, vasodilation, glycogenolysis, and insulin
secretion.

e fis receptors: Found in adipose tissue; activation increases lipolysis, aiding in energy
mobilization.

Binding of adrenaline to these receptors triggers intracellular second messengers like cyclic
AMP (cAMP) or phospholipase C, depending on the receptor type, triggering a series of

physiological reactions.

Termination of Action

The effect of adrenaline is transient because it is quickly inactivated by multiple mechanisms:

1. Reuptake: The main mechanism is reuptake into presynaptic terminals via
transporters like the norepinephrine transporter (NET), although adrenaline is
reabsorbed less efficiently than norepinephrine.

2. Enzymatic breakdown: Circulating adrenaline is broken down by two important

enzymes:

e Monoamine oxidase (MAOQO): Located in the mitochondria of nerve terminals
and liver.
e Catechol-O-methyltransferase (COMT): Found in other tissues, such as the
liver and kidneys.
These enzymes metabolize adrenaline to inactive metabolites like metanephrine and
vanillylmandelic acid (VMA), which are excreted in urine. Quantitation of these metabolites is

utilized diagnostically in disorders such as pheochromocytoma.

e Physiological Effects of Adrenaline
The body's systemic effects of adrenaline are extensive and quick, and they get the body

ready to cope with emergency conditions:

o Cardiovascular system (Bi1): Increases stroke volume, heart rate, and

cardiac output.
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o Respiratory system (B2): Causes bronchodilation, facilitating breathing
during asthma attacks or stress.

o Vascular effects: Produces vasoconstriction (o) in splanchnic and skin
vessels, and vasodilation (B2) in skeletal muscle vasculature, redistributing
blood flow to vital organs.

e Metabolic actions (f):

o Promotes glycogenolysis in the liver and muscle.

o Stimulates gluconeogenesis and lipolysis, increasing blood glucose and free
fatty acids for energy.

o Inhibits insulin secretion and enhances glucagon release.

e Ocular effects (a1): Causes mydriasis (pupil dilation) by stimulating radial
muscles of the iris.

e Gastrointestinal and urinary systems: Reduces gut motility and secretions and
relaxes detrusor muscle of the bladder.

Clinical Relevance

Because of'its potent sympathomimetic properties, adrenaline is used in several critical medical

situations:

o Anaphylaxis: First-line treatment due to its ability to reverse bronchoconstriction,

vasodilation, and hypotension.

e Cardiac arrest: Used during advanced cardiac life support (ACLS) to stimulate cardiac
activity.

o Acute asthma attacks: Provides rapid bronchodilation when other therapies are

ineffective.

o Local anesthesia adjunct: Added to anesthetics to prolong duration by causing local

vasoconstriction, reducing systemic absorption.
o Shock states: Used to support blood pressure and cardiac output in severe hypotension.

Nonetheless, owing to its potency, adrenaline needs to be used cautiously so as not to produce

arrhythmias, hypertension, or ischemia, particularly in cardiovascular disease patients.

Adrenaline is a crucial catecholamine that has both neurotransmitter and hormonal activities.
It has a primary role in acute stress response, directing a speedy and coordinated stimulation
of several organ systems to put the body into action. Its action is mediated through a

multifaceted collection of adrenergic receptors [13], each possessing defined tissue localization
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and functional responses. Understanding the biosynthesis, release mechanisms, receptor
interactions, and clinical utility of adrenaline is crucial to both pharmacological and

physiological sciences.

2.3. CENTRAL NERVOUS SYSTEM (CNS)

The central nervous system (CNS) is the thought and movement control center, as well as the
sensation and emotion control center. The CNS includes the brain and spinal cord and operates
through complex webs of neurons that interact through neurotransmitters. The chemical
messengers are crucial for regulating excitatory and inhibitory signals, hence ensuring the

functional balance required for cognition, mood, behavior, and motor activity [14].

Impairment of CNS neurotransmission is the basis for a broad array of disorders including
depression, anxiety, epilepsy, schizophrenia, Parkinson's disease, and others. Pharmacological

manipulation of neurotransmitters is a central approach to treating such diseases.

2.3.1. Histamine

Although histamine is well known for its peripheral roles in inflammation, allergy, and gastric
acid secretion, it also has a crucial role as a neurotransmitter in the central nervous system
(CNS). In the brain, histamine participates in the regulation of several physiological processes
including wakefulness, arousal, appetite, thermoregulation, and neuroendocrine control. Its
effects in the CNS are multifaceted and region-dependent, mediated by a unique set of

histamine receptors on neurons and glial cells [15].

Svnthesis and Localization

Histamine is produced in the brain from the amino acid histidine by the action of histidine
decarboxylase (HDC). The process takes place in specialized histaminergic neurons, which are
quite sparse but have far-reaching effects because of their widespread axonal projections across

the CNS.

The main location of histamine synthesis in the brain is the tuberomammillary nucleus (TMN),
which is situated in the posterior hypothalamus. Histaminergic axons emanate from the TMN
to various parts of the brain such as the cerebral cortex, hippocampus, thalamus, basal ganglia,
and brainstem, thus affecting a wide range of cognitive, behavioral, and physiological

processes.
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Histamine Receptors in the CNS

Histamine is active by affecting four forms of G protein-linked receptors—H1, H2, H3, and

H4. In the CNS, both the H1 and H3 receptors are the most important ones:

e HI1 Receptors: These receptors have a major role in inducing wakefulness, arousal,
and alertness. These receptors are believed to modulate cognitive functions including
learning and memory. Stimulation of H1 receptors enhances the excitability of neurons
and amplifies cholinergic and noradrenergic transmission. Sedation due to first-
generation antihistamines is attributed to their central penetration through crossing the
blood-brain barrier (BBB) and antagonizing H1 receptors, thus lessening arousal and
inducing sleep.

e H3 Receptors: These act largely as presynaptic autoreceptors and heteroreceptors.
Upon activation, H3 receptors suppress the release of histamine itself and other
neurotransmitters like dopamine, norepinephrine, serotonin, and acetylcholine. This
negative feedback process serves to fine-tune neurotransmitter balance and CNS
excitability. H3 receptors are particularly found in the cortex, striatum, and thalamus,
areas significant for attention, motor control, and sensory processing [16].

Although H2 receptors are more prevalent in the gastric system, there is also presence in
specific brain regions, where they can affect circadian rhythm and memory consolidation. H4
receptors, while widely characterized in immune function, have few known CNS functions to

date.

Physiological Functions of Histamine in the CNS

Histamine's action in the CNS spans several areas:

e Wakefulness and Arousal: Histaminergic TMN neurons are very active during
wakefulness and quiescent during sleep, especially REM sleep. This activity is strongly
coupled with the sleep-wake cycle.

e Regulation of Appetite: Histamine is an anorexigenic agent that inhibits appetite by
activating H1 receptors in the hypothalamus.

e Thermoregulation: It plays a role in regulating body temperature homeostasis,
particularly in cold exposure.

e Endocrine Control: Histamine regulates the hypothalamic-pituitary axis, affecting

hormone secretion of prolactin, ACTH, and vasopressin.
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e Cognition and Learning: Through regulation of cortical and hippocampal function,
histamine aids attention, learning, and short-term memory, presumably through both
H1 and H3 receptor mechanisms.

Clinical Relevance and Pharmacology

The key actions of histamine have significant therapeutic and pharmacological significance:

e First-Generation Antihistamines: Medications like diphenhydramine, hydroxyzine,
and chlorpheniramine can cross the BBB and block central H1 receptors, causing
sedation and drowsiness. This action, although useful in the presence of insomnia or
motion sickness, is undesirable when alertness is required [17].

e H3 Receptor Antagonists/Inverse Agonists: They are being examined as possible
cognitive enhancers and wake promoters. By inhibiting the autoreceptor H3, these
drugs have the ability to increase the release of histamine and enhance alertness,
memory, and attention. Certain candidate drugs in this category are being studied for
the treatment of narcolepsy, ADHD, and Alzheimer's disease.

e Neurodegenerative and Psychiatric Disorders: Histaminergic signaling has been
linked to disorders such as Parkinson's disease, schizophrenia, and depression, although

the precise role is still under active investigation.

2.3.2. Serotonin (5-HT)

Serotonin, which is chemically referred to as 5-hydroxytryptamine (5-HT), is a monoamine
neurotransmitter with far-reaching and varied functions in the central nervous system (CNS)
and peripheral organs. Within the CNS, serotonin plays a fundamental role in modulating
mood, sleep, hunger, pain sensitivity, sexual behavior, and intellectual functions like learning
and memory. Externally, within non-neuronal tissues, it is also involved in gastrointestinal
peristalsis, platelet aggregation, and vascular tone modulation. The flexibility of serotonin's
action results from its multiplicity of receptor subtypes [18], varied localization, and intricate

mechanisms of regulation.

Svynthesis and Storage

Serotonin is biosynthesized from the essential amino acid tryptophan, which comes from the

diet. The process involves two major enzymatic steps:

1. Tryptophan hydroxylase catalyzes the conversion of tryptophan to 5-
hydroxytryptophan (5-HTP) — this is the serotonin biosynthetic rate-limiting step.
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2. 5-HTP decarboxylase (also aromatic L-amino acid decarboxylase) subsequently

decarboxylates 5-HTP into serotonin (5-HT).

After synthesis, serotonin is sequestered in synaptic vesicles of the presynaptic terminal of
serotonergic neurons. With stimulation (e.g., action potential-induced depolarization),
serotonin is released into the synaptic cleft and acts on several postsynaptic and presynaptic

receptors.

Anatomical Localization

Throughout the brain, most of the serotonergic cells are found as a group of nuclei called raphe
nuclei located along the midline of the brainstem [19]. From these raphe nuclei, serotonergic

fibers project massively to nearly every region of the brain, such as:

e The cerebral cortex (regulates mood and cognition)
e The hippocampus (learning, memory)
¢ Thalamus and hypothalamus (pain, arousal, regulation of endocrines)
e The basal ganglia (motor function)
e The spinal cord (regulation of pain)
This widespread projection scheme allows serotonin to have global modulatory influence on

many diverse behavioral and physiological processes.

Serotonin Receptors

There is a minimum of seven big families of serotonin receptors, 5S-HT: to 5-HT7, with more
than 15 subtypes. The majority of these receptors are G-protein-coupled receptors (GPCRs),

but 5-HT; receptors are ligand-gated ion channels.
Major Serotonin Receptor Subtypes in the CNS

e 5-HT:A receptors: Broadly distributed throughout the hippocampus, cortex, and
dorsal raphe nucleus. These receptors have a function of inhibiting the firing of neurons
and hence are crucial for regulating anxiety, depression, and temperature.

e 5-HT:A receptors: Present in great numbers throughout the cortex and limbic system.
These receptors contribute to the regulation of mood, perception, and cognition. The
psychedelic drugs like LSD work largely through activation of 5-HT:A.

e 5-HTs receptors: Distinct from the other serotonin receptors in that they are ionotropic.
These are found in the area postrema, GI tract, and peripheral neurons, and are involved

in nausea, vomiting, and pain processing.
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e 5-HT- receptors: These are responsible for -circadian rhythm regulation,
thermoregulation, and learning and memory. They are found in the hypothalamus,
thalamus, and hippocampus.

Other receptor subtypes (e.g., 5-HT:B, 5-HT:D, 5-HTa, 5-HTs) play significant roles in both

central and peripheral systems, such as migraine, GI motility, and neurodevelopment.

Physiological Roles of Serotonin in the CNS

Serotonin is a neuromodulator that affects numerous features of brain function:

e Mood and Emotion: Abnormality in serotonin transmission is strongly associated with
depression, anxiety disorders, bipolar disorder, and schizophrenia. Serotonin regulates
emotional stability, reward processing, and stress response.

e Sleep-Wake Cycle: Serotonin plays a role in the control of circadian rhythms and sleep
structure. It induces wakefulness, and its precursor (tryptophan) is a biochemical
precursor for melatonin, which controls sleep onset.

e Appetite and Satiety: Serotonin content in the hypothalamus controls hunger and
satiety. Low serotonin correlates with enhanced food intake and craving for
carbohydrates.

e Pain Modulation: Serotonin plays a pro-nociceptive as well as an anti-nociceptive
function depending on the receptor subtype and location. It is particularly active in
descending pain-modulating pathways of the spinal cord.

e Sexual Behavior and Libido: Serotonin suppresses sexual desire and arousal; high
levels of serotonin (e.g., from SSRIs) can lead to sexual dysfunction.

Clinical Relevance and Therapeutic Applications

¢ Selective Serotonin Reuptake Inhibitors (SSRIs)

These drugs including fluoxetine, sertraline, paroxetine, and escitalopram block the serotonin
transporter (SERT) which takes the serotonin back to the presynaptic neuron. This leads to the
availability of more serotonin in the synapse [20]. SSRIs are used in the first instance in treating

depression, anxiety disorders, obsessive-compulsive disorder (OCD), and PTSD.
o Triptans (5-HT:B/iD receptor agonists)

Used in acute migraine management, triptans (e.g., sumatriptan, rizatriptan) constrict cranial
blood vessels and inhibit the release of pro-inflammatory neuropeptides. They act specifically

on 5-HT:B and 5-HT:D receptors.
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e 5-HTs Receptor Antagonists

Agents such as ondansetron, granisetron, and palonosetron inhibit serotonin at 5-HTs receptors
at the chemoreceptor trigger zone (CTZ) and gastrointestinal tract and therefore are effective

at preventing chemotherapy-induced and postoperative nausea and vomiting.
e Atypical Antidepressants and Antipsychotics

Some newer agents such as vortioxetine and aripiprazole act on multiple serotonin receptors to

produce combined antidepressant and antipsychotic effects.
o Psychedelics and Hallucinogens

Substances like LSD and psilocybin act as agonists at 5-HT2A receptors, producing profound
effects on perception, mood, and cognition. These agents are under investigation for treatment-

resistant depression and PTSD.

2.3.3. Dopamine

Dopamine is a major catecholamine neurotransmitter in the CNS that plays a number of diverse
functions such as controlling movement, motivating behavior, reward processing, emotional
processing, and endocrine signaling. Due to its broad impact and clinical interest, it is widely
investigated in neuropharmacology and most notably in relation to disorders such as

Parkinson's disease, schizophrenia, ADHD, and addiction.

Svnthesis of Dopamine

Dopamine is produced in neurons from dietary tyrosine amino acid, which is supplied by
dietary sources. The synthesis involves two steps involving enzymes. Tyrosine is first
converted into L-DOPA (L-3,4-dihydroxyphenylalanine) by tyrosine hydroxylase, and this is
the rate-limiting step in the process. Second, L-DOPA is converted into dopamine by DOPA
decarboxylase. The dopamine synthesized is loaded into synaptic vesicles by the enzyme
vesicular monoamine transporter 2 (VMAT?2) and discharged into the synaptic cleft upon

stimulation of the neuron.

Dopaminergic Pathways in the CNS

There are four main dopaminergic tracts in the brain, each of which is linked to certain

functional effects:
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e Nigrostriatal Pathway: This is from the substantia nigra that projects to the striatum.
It has a vital role to play in the initiation and planning of voluntary movement.
Degeneration of the pathway is the hallmark of Parkinson's disease.

e Mesolimbic Pathway: Originating from the ventral tegmental area (VTA) and
terminating in the nucleus accumbens and limbic structures, this pathway is most
important for reward, motivation, and addictive behavior. Hyperactivity of this pathway
is involved in the positive symptoms of schizophrenia.

e Mesocortical Pathway: This pathway also has its origin in the VTA but projects to the
prefrontal cortex and is responsible for cognition, emotional processing, and executive
function. Hypoactivity within this area is associated with negative symptoms and
cognitive impairment in schizophrenia.

e Tuberoinfundibular Pathway: Spanning from the hypothalamus to the pituitary, this
pathway is responsible for regulating the inhibition of prolactin secretion.
Dysregulation may lead to hyperprolactinemia, particularly with dopamine antagonist
medication.

Dopamine Receptors

Dopamine acts through five receptor subtypes, which belong to two families:

e Ds-like receptors (D: and Ds): These are associated with Gs proteins, which activate
adenylyl cyclase and enhance intracellular cyclic AMP (cAMP), inducing excitatory
effects.

e D:-like receptors (D2, D3, and D4): These are associated with Gi proteins, which inhibit
adenylyl cyclase, decreasing cAMP levels and generating inhibitory effects. D2
receptors are also found on presynaptic neurons, where they function as autoreceptors,
controlling dopamine synthesis and release.

These receptor families are heterogeneously distributed across the brain, which leads to the

diverse and complex effects of dopamine across different regions.

Physiological Roles of Dopamine

Dopamine has a range of functions in the CNS:

e In the nigrostriatal pathway, dopamine enables smooth, coordinated movement.
Deficiency of dopamine here causes the motor symptoms that are seen in Parkinson's

disease.
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e Dopamine in the mesolimbic system reinforces behavior through the generation of
pleasure and reward, underlining its contribution to addiction.

e In the prefrontal cortex, dopamine facilitates attention, working memory, and decision-
making.

e Dopamine controls pituitary hormone release through the tuberoinfundibular pathway,
specifically suppressing prolactin.

Clinical Relevance

Dopamine's clinical utility is observed in several conditions:

e Levodopa (L-DOPA), a dopamine precursor that can penetrate the blood-brain barrier,
treats Parkinson's disease. Dopamine agonists ropinirole and pramipexole act like
dopamine, and MAO-B inhibitors (e.g., selegiline) and COMT inhibitors extend the
action of dopamine.

e Treatment of schizophrenia includes D: receptor antagonists, which inhibit
dopaminergic hyperactivity in the mesolimbic pathway to reduce positive symptoms.
Yet these medications will also block dopamine in the nigrostriatal and
tuberoinfundibular pathways and cause extrapyramidal symptoms and endocrine side
effects such as hyperprolactinemia.

e In ADHD, prefrontal cortical dopamine signaling is decreased. Medications such as
methylphenidate and amphetamine derivatives elevate synaptic dopamine and enhance
attention and impulse control.

e In addition, the release of dopamine in the nucleus accumbens rewards drug use. Drugs
such as cocaine, amphetamines, and opioids stimulate an increase in dopamine, a

craving-reward cycle.

2.3.4. GABA (y-Aminobutyric Acid)

GABA (gamma-aminobutyric acid) is the primary inhibitory neurotransmitter in the central
nervous system (CNS). It has a crucial function in balancing neuronal excitation and inhibition,
preventing neuronal hyperactivity and excitotoxicity. GABA, by its inhibitory action, helps in
sedation, control of anxiety, muscle relaxation, and regulation of seizure threshold. GABA is
distributed throughout the brain, especially in areas such as the cortex, hippocampus, thalamus,

and cerebellum.
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Svnthesis of GABA

GABA is produced from the excitatory neurotransmitter glutamate in a reaction catalyzed by
the enzyme glutamic acid decarboxylase (GAD). The reaction involves the use of the coenzyme
pyridoxal phosphate (vitamin B6). GABA is retained in synaptic vesicles after production and
released into the synaptic cleft on stimulation of the neuron. Its effect is terminated mainly by

reuptake into presynaptic neurons and glial cells by GABA transporters (GAT).

GABA Receptors

GABA exerts its effects through two main types of receptors:

e GABA-A receptors are ionotropic receptors that serve as ligand-gated chloride ion
(CI") channels. When stimulated by GABA, the channels open, enabling CI ions to
flow into the neuron, thus causing hyperpolarization and a fast inhibitory postsynaptic
potential (IPSP). These receptors are acted upon by drugs such as benzodiazepines,
barbiturates, and general anesthetics, which amplify their inhibitory action.

e GABA-B receptors are metabotropic (G-protein-coupled) receptors that evoke slow,
sustained inhibitory actions by opening potassium (K*) channels and closing calcium
(Ca?") entry. This decreases neuronal excitability and release of neurotransmitters.
GABA-B receptors are crucial for controlling muscle tone and pain modulation.

Clinical Relevance

Changes in GABAergic transmission have been linked to many neurological and psychiatric
diseases. Medications that increase GABA activity, including benzodiazepines and
barbiturates, are widely used to manage anxiety, insomnia, and epilepsy. Valproic acid, a mood
stabilizer and anticonvulsant, elevates the level of GABA in the brain by blocking GABA
transaminase and stimulating its synthesis. Dysfunction in GABA has been linked to diseases
like epilepsy, anxiety disorders, Huntington's disease, and schizophrenia. Deciphering
GABAergic signaling is crucial for designing therapies against hyperexcitability and anxiety

disorders.

2.3.5 Glutamate

Glutamate is the major excitatory neurotransmitter in the CNS and is implicated in virtually all
facets of normal brain function. It has a key role in synaptic plasticity, learning, and memory,

particularly through its role in long-term potentiation (LTP). In contrast to GABA, which
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inhibits neuronal activity, glutamate facilitates the transmission of excitatory signals and is

therefore essential for the maintenance of neural communication and development.

Svynthesis and Recycling of Glutamate

Glutamate is produced from glutamine, a precursor released by astrocytes, using the enzyme
glutaminase present in neurons. Once released into the synaptic cleft, glutamate binds with its
receptors and is subsequently seized quickly by excitatory amino acid transporters (EAATS),
which have a major placement on glial cells (more so astrocytes). Inside astrocytes, glutamate
is retransformed into glutamine by the enzyme glutamine synthetase and then delivered back
to the neurons for recirculation. This glutamate-glutamine cycle is critical in avoiding

glutamate buildup and ensuring neurotransmitter homeostasis.

Glutamate Receptors

Glutamate acts through two main classes of receptors: ionotropic and metabotropic.
o lonotropic Glutamate Receptors are ligand-gated ion channels and include:

o NMDA (N-methyl-D-aspartate) receptors: These need ligand binding and
depolarization for activation. They are permeable to Ca*", Na*, and K*, and are
important for synaptic plasticity, learning, and memory. Overactivation can

cause excitotoxicity.

o AMPA receptors: Mediate fast excitatory synaptic transmission by allowing

Na' influx.

o Kainate receptors: Similar to AMPA in function, but with distinct

pharmacological profiles and synaptic roles.

e Metabotropic Glutamate Receptors (mGluRs) are G-protein-coupled receptors that
shape neuronal excitability, neurotransmitter release, and plasticity. They are separated
into three families (I, II, III) depending upon their structure as well as on their
mechanisms of signaling. While ionotropic receptors do not have ion channels but

affect intracellular pathways through second messengers.

Clinical Relevance

Over released glutamate or overactivation of the receptor results in excitotoxicity, a pathologic
process involved in many neurological disorders like stroke, traumatic brain injury,
amyotrophic lateral sclerosis (ALS), Alzheimer's disease, and epilepsy. In Alzheimer's disease,

memantine, an NMDA receptor antagonist, is employed to decrease excitotoxic neuronal
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injury. Ketamine, a non-competitive NMDA receptor antagonist, has been found to exert fast
antidepressant effects and is employed in treatment-resistant depression. Drugs for mGluRs are

also investigated for schizophrenia, anxiety, and neurodegenerative disorders.

2.3.6. Glycine

Glycine is the most straightforward of the amino acids and also a major inhibitory
neurotransmitter of the central nervous system, including the spinal cord, brainstem, and retina.
Glycine functions critically in modulating motor reflexes, perception of pain, and processing
sensory signals. In some parts of the CNS, glycine acts in synergy with the brain's other
principal inhibitory neurotransmitter, GABA, to preserve the fine balance between excitation

and inhibition that is necessary for efficient neuronal communication.

Mechanism of Action

Glycine exerts its inhibitory effects by its interaction with glycine receptors, ionotropic ligand-
gated chloride channels on the postsynaptic membrane. Glycine induces the flow of chloride
ions (CI") into the neuron upon binding to the receptors. This chloride flow results in
hyperpolarization of the postsynaptic membrane, reducing the likelihood for the neuron to fire
an action potential. This leads to the suppression of excitability of the neurons, especially in

circuits concerned with muscle tone and reflexes.

Co-Agonist Role at NMDA Receptors

Besides its inhibitory function, glycine is also a co-agonist at the NMDA subtype of glutamate
receptors. NMDA receptors are implicated in excitatory neurotransmission, synaptic plasticity,
and memory. For the NMDA receptor to be maximally activated, glutamate and glycine (or D-
serine) need to bind to the receptor at different but cooperative sites. Glycine, thus, has a double
role in the CNS: inducing inhibition in some areas and enabling controlled excitation via
NMDA receptor modulation in others. Such a role is essential for learning, memory, and

neurodevelopment.

Clinical Relevance

Dysfunction in glycinergic neurotransmission has serious clinical implications. One of the most
infamous toxins to act on this system is strychnine, a powerful glycine receptor antagonist.
Strychnine inhibits glycine receptors in the spinal cord, resulting in unopposed excitatory
neurotransmission, which induces violent muscle spasms, hyperexcitability, and convulsions.

Strychnine poisoning can be lethal as a result of paralysis of respiratory muscles.
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On the therapeutic side, glycine and glycine-modulating drugs are under investigation as
treatments for psychiatric and neurological diseases, including schizophrenia. Here,
augmenting the availability of glycine at NMDA receptors can improve glutamatergic function,
commonly disrupted in schizophrenia. Further, glycine-mediated interventions are being
investigated in spinal cord injury, pain, and some types of epilepsy, where augmentation of

inhibitory tone would rebalance neurons.

2.4. NON-ADRENERGIC NON-CHOLINERGIC (NANC) TRANSMISSION

Historically, the autonomic nervous system (ANS) has been dichotomized into two main
divisions on the basis of its master neurotransmitters: the cholinergic system with the
neurotransmitter acetylcholine (ACh) in the parasympathetic division, and the adrenergic
system with the neurotransmitter noradrenaline (NA) in the sympathetic division. But with
advances in neurobiology, it has been shown that this two-way division does not reflect the
intricate nature of autonomic control. Specifically, neurons have been found to release
neurotransmitters other than ACh or NA, particularly in the enteric nervous system (ENS) and
certain autonomic nerve fibers. Such pathways are collectively referred to as Non-Adrenergic,

Non-Cholinergic (NANC) transmission systems.
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Figure 4: NANC transmission

NANC transmission involves a wide and heterogeneous collection of chemical messengers that

cannot be classified in the classical cholinergic or adrenergic categories. These are represented
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by neuropeptides, purinergic agents (such as ATP), gaseous transmitters (nitric oxide), and
other bioactive molecules. Most NANC neurons operate independently of or along with
classical transmitters, and they tend to co-release NANC transmitters along with ACh or NA,
thus augmenting the autonomic signaling in terms of its scope and sophistication. NANC
transmission is especially significant in the enteric nervous system, where it has critical
functions in the control of gastrointestinal motility, secretion, immune response, and vascular

tone.
4+ Significance of NANC Transmission

The discovery and comprehension of NANC signaling is a paradigm shift in autonomic
neuroscience. NANC neurotransmitters offer functional redundancy, enabling more precise
and flexible regulation of autonomic responses. This wider repertoire of neurotransmitters fine-
tunes physiological processes, facilitating smooth transitions between different states of organ

function.

Additionally, NANC transmission is important in pathophysiology. For example, NO-mediated
relaxation is important in erectile function, and its failure results in erectile dysfunction, which
is managed with drugs that enhance NO (e.g., sildenafil). In the same manner, substance P and
calcitonin gene-related peptide (CGRP) are involved in neurogenic inflammation and pain
sensation, and they are involved in conditions such as asthma, irritable bowel syndrome (IBS),
and migraine. These results have opened new doors for therapeutic targeting, which have led
to the creation of NANC-directed medications, such as substance P antagonists, VIP analogs,

and NO donors.

4+ Common NANC Neurotransmitters

1. Nitric Oxide (NO)

NO is a gaseous neurotransmitter produced from L-arginine by nitric oxide synthase (NOS).
NO diffuses easily across membranes and stimulates guanylyl cyclase in smooth muscle cells,
causing elevated cGMP and smooth muscle relaxation. NO is crucial for vasodilation, intestinal

relaxation, and neurovascular control.
2. Vasoactive Intestinal Peptide (VIP)

VIP is a neuropeptide that is involved in smooth muscle relaxation, intestinal and exocrine
gland secretions, and vasodilation. It exerts most of its action via GPCRs, stimulating adenylate

cyclase and enhancing cAMP. VIP plays a major role in gut motility and bronchodilation, and
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its analogs are being researched for diseases such as asthma and inflammatory bowel disease

(IBD).
3. Substance P

Substance P belongs to the tachykinin group and is pivotal in transmitting pain, inflammation,
and vasodilation. Substance P is released in association with glutamate in nociceptive circuits
and interacts with neurokinin-1 (NKI1) receptors. High levels of substance P have been

implicated in chronic pain syndromes, arthritis, and migraine.
4. ATP (Adenosine Triphosphate)

ATP, commonly referred to as the cellular energy currencys, is also a neurotransmitter in that it
acts on purinergic receptors (P2X ionotropic and P2Y metabotropic receptors). ATP plays a
role within the autonomic system for regulation of vascular tone, pain transmission, and bladder
function. ATP is frequently co-released with other neurotransmitters within sympathetic

nerves.
5. Neuropeptide Y (NPY)

NPY is among the most prevalent neuropeptides in the CNS and periphery. It plays a role in
vasoconstriction, appetite, stress response, and neuroprotection. It is often co-released with NA

in sympathetic neurons and exerts its effects through Y receptors (particularly Y1 and Y2).
6. Other NANC Mediators
Several other molecules are involved in NANC signaling:

o Somatostatin: Inhibits hormone secretion and neuronal activity; acts via G-protein-

coupled receptors.

o Enkephalins: Endogenous opioid peptides that inhibit pain and modulate sympathetic

tone.

e CGRP (Calcitonin Gene-Related Peptide): A potent vasodilator implicated in

migraine and vascular inflammation.
4 Physiological Integration and Co-Transmission

NANC transmitters can act as main transmitters or as co-transmitters with ACh or NA. The
released neurotransmitter can differ based on the nerve terminal, stimulation frequency, and
physiological states. The co-transmission mechanism enables neurons to dynamically modulate

response in a graded fashion instead of an all-or-none response. Within the enteric nervous
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system, motor neurons might release NO and VIP to encourage muscle relaxation or ATP and

substance P for excitation and contraction.

The Non-Adrenergic, Non-Cholinergic (NANC) transmission concept has revolutionized our
knowledge of the autonomic nervous system. These systems reveal the sophistication and
responsiveness of autonomic signaling outside of the traditional ACh-NA paradigm. NANC
neurotransmitters control vital physiological functions and are now appreciated as significant
pharmacological targets. Modulation of these neurotransmitters promises to cure a wide variety
of disorders such as hypertension, asthma, IBS, erectile dysfunction, and migraine and

constitutes a promising new frontier in neuropharmacology.

2.4.1. Co-Transmission Mechanisms

Co-transmission is the biological process by which a single neuron releases more than one
neurotransmitter at the same time from the same nerve terminal. These transmitters can be a
mixture of traditional neurotransmitters such as acetylcholine (ACh) or noradrenaline (NA)
and non-adrenergic, non-cholinergic (NANC) transmitters including nitric oxide (NO), ATP,
VIP (vasoactive intestinal peptide), or neuropeptides. Co-transmission adds sophistication and
plasticity to synaptic information, enabling one neuron to customize physiological response

and modulate a variety of cell pathways within the target tissue.
» Mechanism of Co-Transmission

In co-transmission, neurotransmitters are stored and packed in independent or common
synaptic vesicles in the presynaptic terminal. With stimulation, action potentials induce
calcium influx that leads to the coincident exocytosis of more than one neurotransmitter. These

transmitters can function:
o On different receptor subtypes (e.g., ionotropic and metabotropic),
e At distinct temporal phases (fast vs. slow),
e Or on different target cells within the same tissue.

The released neurotransmitters may complement, modulate, or even block each other's effects.
This stacked response can lead to additive effects (where the result is the sum of separate
actions), synergistic effects (where the result is greater), or modulatory effects (where one
neurotransmitter changes the action of another). Such versatility provides the nervous system

with a wider control over tissue function, especially in the autonomic and enteric systems.
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» Examples of Co-Transmission in Autonomic Systems

v Parasympathetic Neurons

Acetylcholine (ACh) and vasoactive intestinal peptide (VIP) are co-released from
parasympathetic nerves in the salivary glands. ACh acts upon muscarinic receptors to stimulate
fluid and electrolyte secretion, whereas VIP induces vasodilation, enhancing blood flow into
the gland. They coordinate well with each other in effective secretion of the salivary gland and

perfusion of the gland.
v Sympathetic Neurons

Sympathetic nerves supplying vascular smooth muscle usually discharge noradrenaline (NA)
and neuropeptide Y (NPY). NA immediately activates ou-adrenergic receptors to produce
vasoconstriction, whereas NPY activates Y receptors to regulate the amplitude and the duration
of the vasoconstriction response. This combination facilitates accurate control of vascular tone

and blood pressure.
v Enteric Nervous System

In the enteric nervous system (ENS), co-transmission is fundamental to the regulation of

gastrointestinal motility and secretion. For example:

e ACh and substance P are co-released from excitatory motor neurons, working together

to produce coordinated smooth muscle contraction.

e Nitric oxide (NO), ATP, and VIP are co-released from inhibitory motor neurons,
resulting in smooth muscle relaxation. These neurotransmitters exert their effects
through distinct mechanisms—NO raises cGMP, ATP acts on purinergic P2 receptors,
and VIP raises cAMP—yet all culminate in relaxing gut musculature for optimal

digestive function.
v" Erectile Tissue (Penile Erection)

Penile erection is a classic example of multi-transmitter synergy, involving ACh, NO, and VIP.

These neurotransmitters are co-released from parasympathetic nerves during sexual arousal:
e ACh promotes endothelial NO production,

e NO directly relaxes penile smooth muscle by activating guanylyl cyclase and increasing

cGMP,

e VIP enhances vasodilation and increases penile blood flow. Together, they facilitate

vasodilation of the corpus cavernosum, leading to erection.
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» Physiological Importance of Co-Transmission
The capacity of neurons to release more than one transmitter is essential for:

e Fine-tuning autonomic output, allowing a range of responses from a single neural input.

e Coordinating two or more responses in the same tissue, e.g., simultaneous secretion and
vasodilation in salivary glands.

e To offer compensatory mechanisms in case a transmitter system is damaged—one or
more other co-transmitters can have partial function.

e Facilitating neurodevelopment and neuroplasticity, especially in the ENS and CNS,

where co-transmission assists in modulating responses during development and injury.
» Pharmacological Relevance

The investigation of co-transmission has created new opportunities in drug discovery. Since
numerous NANC transmitters participate in co-transmission, they are being targeted
pharmacologically to treat diseases that were previously believed to be mediated by only ACh

or NA:

e Nitric oxide donors (e.g., nitroglycerin, sildenafil) are used in angina and erectile

dysfunction.

e Substance P antagonists (e.g., aprepitant) are used to treat chemotherapy-induced

nausea and vomiting.

e Purinergic receptor modulators are being investigated for pain, bladder overactivity,

and inflammatory conditions.

e VIP analogs and modulators are explored for treating asthma, pulmonary hypertension,

and IBD.

These treatments emphasize the need to appreciate co-transmission, not merely for
physiological understanding, but for the generation of new-generation therapeutics for

multifactorial diseases.

Co-transmission is an advanced process of neurochemical integration in the autonomic and
enteric nervous systems. Through the release of more than one neurotransmitter, neurons gain
increased functional versatility, accuracy, and responsiveness in controlling intricate
physiological processes. With ongoing research discovering the variety and interaction of these
transmitters, co-transmission is a fundamental concept in neuropharmacology and an exciting

area for therapeutic development.
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2.5. AUTONOMIC PHARMACOLOGY

Autonomic pharmacology is concerned with drugs that influence the autonomic nervous
system (ANS), which regulates involuntary body functions such as heart rate, digestion,
respiratory rate, pupillary reflex, and glandular activity. The ANS has the sympathetic and
parasympathetic divisions, and drugs can stimulate or inhibit these systems by influencing
cholinergic (ACh) or adrenergic (adrenaline/noradrenaline) receptors. Neuromuscular junction

agents also influence communication between motor neurons and skeletal muscles.

Knowledge of autonomic pharmacology is necessary to treat diseases like hypertension,

asthma, bradycardia, glaucoma, urinary retention, and muscle disorders.
2.5.1. Parasympathomimetic (Cholinomimetics)

Parasympathomimetic, or cholinomimetics, are drugs that imitate the physiological actions of
the parasympathetic nervous system. They are active through increasing the activity of
acetylcholine (ACh) by either directly stimulating cholinergic receptors or indirectly elevating
ACh concentration in synaptic junctions. These drugs can affect both muscarinic and nicotinic
receptors, although the majority of therapeutic drugs are selective for muscarinic receptors,

which are located on effector organs such as the heart, lungs, bladder, eyes, and glands.

Types of Parasympathomimetic

Parasympathomimetic agents are classified into two main types:

o Direct-acting agents bind to muscarinic or nicotinic receptors directly and activate
them, thus replicating the effect of endogenous ACh. Pilocarpine, for instance, is
employed to decrease intraocular pressure in glaucoma, and bethanechol, which causes

bladder muscle contraction, is employed to treat urinary retention.

o Indirect-acting agents, also referred to as cholinesterase inhibitors, act by blocking the
enzyme acetylcholinesterase (AChE), which hydrolyses ACh in the synaptic cleft.
Blockage of AChE causes the level of ACh to increase, hence its action being extended
at receptor sites. These include neostigmine and physostigmine, applied in conditions
such as myasthenia gravis, and donepezil, which stimulates cholinergic transmission in

the brain and applied to treat Alzheimer's disease.

Clinical Applications

Parasympathomimetic are used in a variety of clinical settings:
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e In glaucoma, intraocular pressure is decreased by pilocarpine through increased
aqueous humor outflow due to contraction of the ciliary muscle.

e Bethanechol is also helpful in postoperative urinary retention and atonic bladder, since
it increases the contraction of detrusor muscle.

e Neostigmine is administered to enhance neuromuscular transmission in myasthenia
gravis, an autoimmune disease in which there is destruction of nicotinic receptors by
autoantibodies.

e Donepezil and agents of a similar type (e.g., rivastigmine) are used in Alzheimer's
disease to enhance memory and cognition through augmentation of central cholinergic
activity.

Side Effects
Because ACh affects multiple organ systems, parasympathomimetic can cause a range of side

effects, especially when used systemically:
e Bradycardia and hypotension due to slowed cardiac conduction,
o Excessive salivation, lacrimation, and sweating as a result of glandular stimulation,
e Bronchoconstriction, which may be problematic in patients with asthma or COPD,
e Diarrhea and abdominal cramping due to enhanced GI motility,

e Miosis (pupillary constriction) and blurred vision due to contraction of the iris sphincter

muscle.

These adverse effects limit the widespread systemic use of cholinomimetics, and selective
delivery methods (e.g., topical eye drops for pilocarpine) are often employed to minimize

systemic toxicity.

2.5.1 Parasympatholytic (Anticholinergics)

Parasympatholytic, otherwise referred to as anticholinergics, are agents which block the
activities of the parasympathetic nervous system by antagonism at muscarinic acetylcholine
receptors (MAChRs). Such action reverses the actions of ACh upon smooth muscle, cardiac
muscle tissue, and secretions of the glands. They are very frequently utilized due to their

bronchodilator activity, ant sialagogue, antiemetic effects, and activity as spasmolytics.
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Mechanism of Action and Examples

Parasympatholytics are competitive antagonists of muscarinic receptors. They bind to

muscarinic receptors without stimulating them, thus inhibiting endogenous ACh from acting.

Some drugs belong to this group, each with their respective clinical uses:

Atropine is the prototype antimuscarinic agent. It is used in emergency settings to
manage bradycardia and as an antidote to organophosphate poisoning, where it
counteracts the cholinergic crisis induced by the overdose of ACh.

Scopolamine is very effective against motion sickness because of its central
antimuscarinic action on the vestibular system.

Ipratropium and tiotropium are inhaled bronchodilators employed in the therapy of
chronic obstructive pulmonary disease (COPD) and asthma, where they prevent
bronchoconstriction and decrease mucus production.

Tolterodine and oxybutynin are utilized for the treatment of overactive bladder
syndrome by diminishing involuntary bladder contractions and expanding bladder

capacity.

Physiological Effects

The pharmacologic blockade of muscarinic receptors leads to:

Increased heart rate (tachycardia) due to vagal inhibition,

Reduced salivation and glandular secretions (dry mouth, dry eyes),
Relaxation of bronchial smooth muscle, leading to bronchodilation,

Pupil dilation (mydriasis) and cycloplegia, which is useful in ophthalmology,

Relaxation of GI and bladder smooth muscle, reducing cramps and urinary frequency.

These effects make anticholinergics valuable in multiple clinical scenarios ranging from

respiratory and gastrointestinal disorders to pre-anesthetic medication.

Adverse Effects and Anticholinergic Syndrome

Anticholinergic medications, especially when in high doses or administered to patients who

are advanced in age, can cause an array of side effects called anticholinergic syndrome. Signs

and symptoms involve:

Dry mouth, blurred vision, and constipation due to inhibition of secretions and motility,
Urinary retention, especially among elderly men with prostatic hypertrophy,

Tachycardia resulting from loss of vagal tone,
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e Cognitive disturbances like confusion, disorientation, hallucinations, and memory
impairment, particularly in elderly patients or those with a pre-existing dementia.
In severe cases, hyperthermia, seizures, and coma may occur, requiring immediate medical

intervention.

2.5.2 Sympathomimetics (Adrenergic Agonists)

Sympathomimetics or adrenergic agonists are medications that stimulate the sympathetic
nervous system via activation of the adrenergic receptors. These receptors encompass alpha (ou
and o2) and beta (B1, B2, and Bs) subtypes that are found in different tissues including blood
vessels, heart, lungs, kidneys, and adipose tissue. The drugs replicate the action of the
endogenous catecholamines—adrenaline, noradrenaline, and dopamine—and are common in

both acute and chronic medicine.

Types of Sympathomimetics

Sympathomimetics are divided according to their mechanism of action:

e Direct-acting agents bind directly with adrenergic receptors to trigger a physiological
response. Some examples are adrenaline, which works on both a and B receptors, and
salbutamol, a B2 selective agonist used for asthma.

e The indirect-acting agents do not act on receptors directly but rather enhance the pool
of endogenous catecholamines available by inducing their release or blocking their
reuptake. Amphetamines and tyramine are classic members of this category.

e Both direct receptor action and endogenous catecholamine release stimulation exist in
mixed-acting agents. Ephedrine, employed in hypotension and nasal decongestant, is
an example of a classic mixed-acting sympathomimetic.

Receptor-Specific Actions

Various adrenergic receptors have different physiological effects:

e (ou receptors cause vasoconstriction, increase peripheral resistance, and raise blood
pressure. Phenylephrine is a selective au agonist employed as a nasal decongestant and
mydriatic.

e o2 receptors occur mainly presynaptically and act to reduce norepinephrine release,
hence sympathetic tone. The a2 agonist clonidine is employed to treat hypertension and

to alleviate withdrawal symptoms.
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e [ receptors, found mainly in the heart, enhance heart rate, contractile force, and cardiac
output upon stimulation. Dobutamine is a selective 1 agonist for heart failure and
cardiogenic shock.

e [ receptors cause bronchodilation, uterine relaxation, and vasodilation of skeletal
muscle blood vessels. Salbutamol and terbutaline are selective 2 agonists administered
in asthma and preterm labor, respectively.

e [}; receptors are mainly found in adipose tissue and play a role in lipolysis and
thermogenesis. While less frequently targeted, s agonists are being investigated for
obesity and bladder dysfunction.

Clinical Applications

Sympathomimetics exhibit varied therapeutic applications:

e Adrenaline and noradrenaline find application in emergency medicine in the treatment
of cardiac arrest, anaphylaxis, and shock, because they have a very strong influence on
heart rate and vascular tone.

e [ agonists like salbutamol are initial-line drugs for asthma and chronic obstructive
pulmonary disease (COPD) and cause immediate bronchodilation.

e Phenylephrine is often utilized for nasal congestion through the induction of
vasoconstriction in nasal mucosal blood vessels.

e Amphetamines are employed to treat attention-deficit hyperactivity disorder (ADHD)
and narcolepsy by elevating norepinephrine and dopamine levels in the CNS.

Adverse Effects

Because sympathomimetics stimulate adrenergic activity systemically, they may cause:
e Hypertension and arrhythmias due to excessive stimulation of cardiovascular receptors.
e Anxiety, tremors, and insomnia as a result of central stimulation.

o Tachycardia, palpitations, and hyperglycemia, especially in patients with preexisting

conditions such as diabetes or cardiovascular disease.

Careful dosing and patient monitoring are crucial when administering these agents.

2.5.3. Sympatholytics (Adrenergic Antagonists)

Sympatholytics, or adrenergic antagonists, are medications that inhibit the activity of the

sympathetic nervous system. They achieve this through either directly blocking adrenergic
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receptors or inhibiting the discharge of catecholamines such as noradrenaline from sympathetic
nerve endings. The medications come in handy when dealing with hypertension, congestive

heart failure, arrhythmias, and pheochromocytoma among other diseases.

Types of Sympatholytics

Sympatholytics are classified based on their site and type of receptor blockade:
o a-Blockers:

o Non-selective a-blockers like phenoxybenzamine and phentolamine are
competitive antagonists at both o: and o2 receptors. Phenoxybenzamine is
irreversible and utilized in the treatment of pheochromocytoma, a
catecholamine-secreting tumor.

o au-blockers such as prazosin, terazosin, and doxazosin induce vasodilation and
are mainly applied for the management of hypertension and BPH.

o p-Blockers:

o Non-selective B-blockers (e.g., propranolol) inhibit both : and B2 receptors
and are employed in angina, hypertension, and migraine prophylaxis.

o Cardioselective pi-blockers (e.g., atenolol, metoprolol) primarily affect the
heart and are used in patients with asthma or COPD because they cause little 2
blockade.

o Mixed o and B-blockers like labetalol and carvedilol have extra vasodilatory
action and are indicated in hypertensive emergencies and heart failure.

o Central Sympatholytics:

o Clonidine and methyldopa work by stimulating central a. receptors, thereby
reducing sympathetic outflow from the CNS. Methyldopa is a preferred

antihypertensive in pregnancy-induced hypertension.

Clinical Applications

Sympatholytics are used in a range of clinical conditions:

o Hypertension is treated with both a-blockers and B-blockers based on comorbidities
and patient groups.

o B-blockers such as carvedilol and metoprolol are used to treat heart failure by lowering
myocardial oxygen demand and correcting cardiac remodeling.

o B-blockers are advantageous for angina pectoris and arrhythmias by slowing the heart

rate and decreasing contractility.
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e Pheochromocytoma, a tumor of the adrenal medulla, is preoperatively treated with
phenoxybenzamine to avoid hypertensive crises.

e BPH is treated using ou-blockers, which cause relaxation of smooth muscle in the
bladder neck and prostate to enhance urine flow.

Adverse Effects

Sympatholytic drugs may cause a range of side effects due to their blockade of normal

sympathetic function:
o Bradycardia, fatigue, and exercise intolerance are common with p-blockers.

e Cold extremities and Raynaud’s phenomenon may occur due to reduced peripheral

perfusion.

e Bronchospasm can be triggered by non-selective B-blockers, making them unsuitable

for asthmatic patients.

e Orthostatic hypotension and postural dizziness are often seen with a-blockers,

especially after the first dose (first-dose effect).

e NS side effects such as depression, sedation, and dry mouth may occur with central

sympatholytics like clonidine.

2.5.4. Neuromuscular Junction Agents

Neuromuscular junction (NMJ) agents are medications that selectively influence skeletal
muscle contraction by modulation of nicotinic acetylcholine receptors (nAChRs) at the
neuromuscular junction. They are mainly utilized in surgical anesthesia, intensive care, and
diagnosis and management of neuromuscular diseases. Through modulation of cholinergic
transmission between motor neurons and skeletal muscle fibers, they cause transient paralysis

or relaxation of the muscles, which is a prerequisite for several clinical procedures.
1. Depolarizing Neuromuscular Blockers

Depolarizing blockers, for example, succinylcholine, simulate the effect of acetylcholine
(ACh) by attaching to nicotinic receptors at the NMJ. But unlike ACh, succinylcholine is not
broken down quickly by acetylcholinesterase in the synaptic cleft. It induces prolonged
depolarization of the muscle endplate, precluding repolarization and hence inhibiting re-
stimulation of the muscle. This results in an initial contracture phase of muscle fasciculations,

followed by flaccid paralysis.
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Succinylcholine is characterized by ultra-short onset and duration and is therefore suitable for
rapid sequence intubation (RSI) and other interventions where rapid and short-lived muscle
relaxation is necessary. Although very useful, succinylcholine is linked with severe side effects,
including hyperkalemia (secondary to potassium release from depolarized muscle cells),

malignant hyperthermia (in genetically predisposed patients), and bradyarrhythmias.
2. Non-Depolarizing Neuromuscular Blockers

Non-depolarizing blockers (e.g., rocuronium, vecuronium, pancuronium) are competitive
antagonists of the nicotinic ACh receptor. They block ACh from binding and thus inhibit
depolarization and muscle contraction. They do not produce initial fasciculations and are the
standard for longer-duration muscle relaxation during general anesthesia and mechanical

ventilation of extended duration.

Non-depolarizing drugs differ in their onset and duration of action, enabling clinicians to
choose the optimal agent based on the clinical scenario. Their effects can be reversed
pharmacologically by augmenting synaptic ACh with the use of cholinesterase inhibitors like
neostigmine or edrophonium. More recently, sugammadex, a rocuronium and vecuronium
selective binding agent, has become available as a reversal agent with less muscarinic side

effect.
3. Cholinesterase Inhibitors

Cholinesterase inhibitors (such as neostigmine, pyridostigmine, edrophonium) raise the level
of ACh at the neuromuscular junction by blocking acetylcholinesterase, the enzyme that breaks

down ACh. These drugs are employed in two main situations:

e Reversal of non-depolarizing neuromuscular blockade after surgery, helping restore

voluntary muscle function.

e Therapeutic management of myasthenia gravis, an autoimmune condition in which
ACh receptors are destroyed, resulting in muscle weakness. By boosting ACh levels,

these drugs enhance neuromuscular transmission.

Clinical Relevance

Neuromuscular blocking agents are indispensable in several clinical scenarios:

e They enable relaxation of muscles during surgery, particularly in abdominal,

orthopedic, and thoracic surgery.
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o They are utilized in intensive care units to augment mechanical ventilation by inhibiting
spontaneous respiratory effort.

e These drugs also have a diagnostic function in neuromuscular conditions like
myasthenia gravis, in which edrophonium is utilized for the Tensilon test to evaluate
muscle strength improvement.

o Inaddition, their application in electroconvulsive therapy (ECT) reduces motor seizures
during treatment.

Adverse Effects and Precautions

Each class of neuromuscular agents is associated with potential side effects:
e Succinylcholine can cause life-threatening complications such as:

o Hyperkalemia, particularly in patients with burns, neuromuscular disorders, or

trauma.

o Malignant hyperthermia, a genetic condition requiring prompt treatment with

dantrolene.
o Prolonged apnea in individuals with atypical plasma cholinesterase.

o Non-depolarizing agents, if overdosed or not properly reversed, may cause prolonged

paralysis, leading to postoperative respiratory complications.

Since neuromuscular blockers have no effect on consciousness or perception of pain, they
have to be administered with sedatives and analgesics in awake patients to provide humane

treatment and prevent the unpleasant experience of awareness with paralysis.
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