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Neurotransmission
[bookmark: _GoBack]In a neuron, an action potential is generated and transmitted along the axon, which is then conveyed to a synapse by releasing neurotransmitters that trigger a response in another neuron or effector cell (such as muscle cells, most exocrine, and endocrine cells). Neurotransmitters enable neurons to communicate with each other. Released neurotransmitters bind to receptors on another neuron. Neurons that release neurotransmitters are called presynaptic neurons, while neurons that receive neurotransmitter signals are called postsynaptic neurons. Depending on the type of neurotransmitter and receptor, the signal can either activate or inhibit the receiving cell. Other factors, including medications and disorders, influence the communication between neurons by modulating the release and action of neurotransmitters, including:
· Their release, reuptake, and degradation
· The quantity and function of postsynaptic neurotransmitter receptors
Sometimes, signals between neurons travel in the opposite direction (known as retrograde neurotransmission). In such cases, the dendrites (receptive branches of neurons) of postsynaptic neurons release neurotransmitters that affect the receptors of presynaptic neurons. Retrograde signaling can inhibit the release of additional neurotransmitters by presynaptic neurons and help control the level of activity and communication between neurons.
Nervous impulse
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Intercellular interactions in the central nervous system (CNS) are highly complex. Impulses from one neuron to another can travel from:
· Axon to cell body
· Axon to dendrite
· Cell body to cell body
· Dendrite to dendrite

A neuron simultaneously receives a vast number of impulses, both excitatory and inhibitory, from other neurons, and it integrates these signals into various discharge patterns.

Conduction of nerve impulses
The conduction of an action potential along the axon has an electrical nature and is caused by the movement of sodium and potassium ions through the axon membrane. Each individual neuron generates uniform signals after each stimulus, conducting them at a fixed speed along the axon. The conduction speed depends on the diameter of the axon and the degree of its myelination, ranging from 1–4 m/s for small unmyelinated fibers to 75 m/s in large myelinated ones. The propagation of the impulse occurs at a much faster rate in myelinated fibers because there are regularly spaced gaps along the myelin sheath (Nodes of Ranvier), where the axon membrane is exposed. The electrical impulse "jumps" from one node to another, bypassing the myelinated section of the axon. As a result, diseases that disrupt the myelin sheath, such as multiple sclerosis and Guillain-Barré syndrome, lead to changes in conduction speed along the fiber, resulting in various neurological symptoms.

Transmission routes
The transmission of an impulse has a chemical nature and is triggered by the release of specific neurotransmitters from the nerve ending. Neurotransmitters diffuse across the synaptic cleft and briefly bind to specific receptors on the effector cell. Depending on the receptor, the result of this interaction can be either excitation or inhibition. Typically, neurons do not physically touch each other; instead, they communicate through the transmission of neurotransmitters across synapses. Under certain conditions, neurons located close to each other can communicate through electrical impulses via gap junctions.
Enzymes that synthesize most neurotransmitters are produced in the neuron's cell body and then stored in vesicles within the nerve ending (see the Neurotransmission figure). The amount of neurotransmitters in one vesicle (typically on the order of a few thousand molecules) is called a quantum. When an action potential reaches the nerve ending, it triggers the opening of calcium channels. The influx of calcium ions causes the release of neurotransmitters from the vesicles through fusion of their membranes with the nerve ending membrane. As a result, the neurotransmitter molecules are released into the synaptic cleft (exocytosis).
One of the subtypes of synapses, electrical synapses, does not involve the release of neurotransmitters; the cytoplasm of pre- and postsynaptic neurons is directly connected through ion channels. This type of connection is the fastest.

Excitatory and inhibitory impulses
The response triggered by the release of a neurotransmitter can either excite or activate the postsynaptic neuron or inhibit and block its activity. Postsynaptic neurons receive multiple neurotransmitter and electrical signals from many neurons. The receiving neuron ultimately sums up the incoming data, and if there are more excitatory signals, the neuron "fires" and sends signals to other neurons. If the sum of signals is inhibitory, the neuron does not "fire" and does not affect the activity of other neurons. This combination of responses is called summation. Neurotransmitters thus facilitate rapid communication between neurons by modifying the excitation of action potentials.
Other forms of summation include:
· Spatial summation: when a neuron receives multiple impulses at different locations, it then sums them up.
· Temporal summation: when impulses are received within a short period of time and then summed up.
For a neuron to generate a signal and "fire," it needs to reach a threshold potential. The threshold potential is achieved through a significant influx of sodium ions during the sodium-potassium ion exchange. When a sufficient amount of sodium enters the cell, the threshold is reached, triggering an action potential that propagates along the neuron's membrane. Reaching the threshold is necessary to create an action potential.
Neurotransmission
Action potentials open axonal calcium channels (not shown). Ca++ activates the release of neurotransmitters (NT) from vesicles. NTs fill the synaptic cleft. Some of them bind to postsynaptic receptors, eliciting a response. The rest undergo reuptake into the axon, where they accumulate, or diffuse into the surrounding tissues.
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The amount of neurotransmitters in a nerve ending is not dependent on the neuron's activity and remains relatively constant due to the continuous modification of precursor uptake processes and the activity of enzymes involved in neurotransmitter synthesis and degradation. Stimulation of presynaptic receptors can reduce presynaptic neurotransmitter synthesis, and blocking them can increase it.
Interaction of neurotransmitter with receptors for sustained transmitter action and/or for rapid receptor reactivation should be relatively brief. After neurotransmitters bind to receptors, one of the following can occur:
· For the purpose of reuse or termination, neurotransmitters are rapidly taken back into the presynaptic nerve ending by active ATP-dependent transport (reuptake).
· They may be broken down by enzymes near the receptors.
· Neurotransmitters diffuse into the surrounding tissues.
During reuptake, neurotransmitters are accumulated in granules or vesicles at the terminal portions of axons for subsequent release. Disruption of these processes can lead to clinical disorders. 
For example, it is believed that the loss of memory in Alzheimer's disease is associated with a deficiency of the neurotransmitter acetylcholine in synapses, which impairs the formation of new memories. Some medications (such as donepezil, galantamine, and rivastigmine) inhibit the enzyme acetylcholinesterase (which breaks down acetylcholine) and, thus, increase the amount of acetylcholine in the synapse. This can lead to an improvement in memory function.
Some types of individual neurons can release two or more different neurotransmitters (referred to as cotransmission), such as acetylcholine and glutamate. Multiple neurotransmitters can influence a single postsynaptic neuron or affect multiple postsynaptic neurons. Cotransmission allows for complex communication between neurons to control various events in the central nervous system (CNS) and the peripheral nervous system (PNS).
Neurotransmitters can also contribute to longer-lasting changes that involve additional pathways, such as alterations in gene activity and protein expression.

Receptors
Receptors for neurotransmitters are protein complexes located on the cell membrane. It is the nature of these receptors that determines whether the influence of a particular neurotransmitter will be excitatory or inhibitory. When receptors are constantly stimulated by neurotransmitters or specific drugs, their sensitivity decreases. Receptors that are not stimulated by neurotransmitters or are chronically blocked by medications become hypersensitive (open receptors). These processes strongly influence the development of tolerance and physical dependence. These principles are particularly significant in cases of organ or tissue transplantation, where denervation deprives receptors of the ability to bind with neurotransmitters, making the transplanted organs excessively sensitive to neural stimulation. Withdrawal syndrome can be partially explained by the phenomenon of "rebound" due to altered receptor affinity or density.
Most neurotransmitters interact with postsynaptic receptors, but some receptors are located on presynaptic neurons, providing precise regulation of neurotransmitter release.
One group of receptors, called ionotropic receptors (e.g., N-methyl-D-aspartate, kainate, acetylcholine, glycine, and gamma-aminobutyric acid [GABA] receptors), consists of ion channels that open when they bind to neurotransmitters, leading to a rapid response.

In another group, metabotropic receptors (e.g., serotonin receptors, alpha and beta adrenergic receptors, dopamine receptors), neurotransmitters interact with G-proteins and activate a secondary messenger molecule (e.g., cAMP), which acts as a catalyst for a cascade of reactions, achieved through protein phosphorylation and/or mobilization of calcium ions. Changes that occur in the cell under the influence of secondary messenger molecules are slower than in the first group of receptors but allow for more precise regulation of rapid ionotropic responses. Most neurotransmitters activate their specific receptors, and a smaller portion activates secondary messengers.

Major neurotransmitters and receptors
There are at least 100 molecules that can act as neurotransmitters, with 18 of them being of primary importance. Some of these neurotransmitters come in various forms. Neurotransmitters can be categorized into different classes, such as:

· Small molecules (e.g., glutamate, gamma-aminobutyric acid, glycine, adenosine, acetylcholine, serotonin, histamine, norepinephrine).
· Neuropeptides (e.g., endorphins).
· Gas molecules (e.g., nitric oxide, carbon monoxide).
· Endocannabinoids.

Glutamate and aspartate
These amino acids (glutamate and aspartate) are the primary excitatory neurotransmitters in the central nervous system (CNS). They are found in the cerebral cortex, cerebellum, and spinal cord. In response to glutamate stimulation, neurons increase the synthesis of nitric oxide (NO). Excess glutamate concentration can have toxic effects by raising intracellular calcium levels, free radicals, and protease activity. These neurotransmitters are involved in the development of opioid tolerance and mediate the development of hyperalgesia.
Glutamate receptors (stimulated by glutamate and, to a lesser extent, by aspartate) are classified as NMDA (N-methyl-D-aspartate) and non-NMDA receptors. Phencyclidine (PCP, also known as "angel dust," not registered in the Russian Federation) and memantine (used in the treatment of Alzheimer's disease) bind to NMDA receptors.



Gamma-aminobutyric acid
Gamma-aminobutyric acid (GABA) is the primary inhibitory neurotransmitter in the brain. It is an amino acid synthesized from glutamic acid through decarboxylation by the enzyme glutamic acid decarboxylase. After interacting with GABA receptors, GABA is actively taken back into nerve terminals and metabolized. Glycine, which has similar effects to GABA, is primarily found in interneurons (Renshaw cells) in the spinal cord and in neural circuits that relax antagonist muscles.
GABA receptors are divided into GABA-A receptors (activating chloride channels) and GABA-B receptors (activating cAMP formation). GABA-A receptors are the target of several neuroactive drugs, including benzodiazepines, barbiturates, picrotoxin, and muscimol. Alcohol also binds to GABA-A receptors. GABA-B receptors are activated by baclofen, which is used in the treatment of muscle spasticity.

Serotonin
Serotonin (5-hydroxytryptamine, or 5-HT) is synthesized in the raphe nuclei and neurons in the midline of the brainstem and upper part of the brainstem. Tryptophan is hydroxylated by tryptophan hydroxylase to form 5-hydroxytryptophan, which is then decarboxylated to produce serotonin. The level of serotonin is regulated by the intensity of tryptophan uptake and the intracellular concentration of the enzyme monoamine oxidase (MAO), which breaks down serotonin. Ultimately, serotonin is excreted in the urine as 5-hydroxyindoleacetic acid (5-HIAA).
Serotonergic (5-HT) receptors, of which there are at least 15 subtypes, are divided into 5-HT1 (4 subtypes), 5-HT2, and 5-HT3 categories. Selective agonists of serotonin receptors (e.g., sumatriptan) can help alleviate migraine attacks. Selective serotonin reuptake inhibitors (SSRIs) are also used to treat several mental disorders (e.g., depression, anxiety, obsessive-compulsive disorder, post-traumatic stress disorder).

Acetylcholine
Acetylcholine is the primary neurotransmitter in the motor neurons of the brainstem and spinal cord, vegetative preganglionic fibers, postganglionic cholinergic (parasympathetic) fibers, and many neurons in the central nervous system (e.g., in the basal ganglia, motor areas of the cerebral cortex). Acetylcholine is synthesized from choline and acetyl-coenzyme A with the help of the enzyme acetylcholine transferase. Its action is short-lived due to local hydrolysis by acetylcholinesterase into choline and an acetate group. The level of acetylcholine is regulated by the activity of acetylcholine transferase and the amount of captured choline. In Alzheimer's disease, the level of acetylcholine decreases.
Cholinergic receptors are classified into nicotinic N1 (in skeletal muscles and neuromuscular junction), N2 (in the central and peripheral nervous systems, including the parasympathetic and sympathetic nervous systems, and the adrenal medulla), or muscarinic M1-M5 (widely distributed in the central nervous system). M1 receptors are expressed in the autonomic nervous system, striatum, cortex, and hippocampus; M2 receptors are found in the autonomic nervous system, the heart, smooth muscles of the intestinal wall, the hindbrain (brainstem and medulla), and the cerebellum.

Dopamine
Dopamine interacts with receptors in various peripheral nerve fibers, but primarily with central neurons, including those in the substantia nigra, midbrain, prefrontal cortex, and hypothalamus. The amino acid tyrosine is taken up by dopaminergic neurons and converted to L-dihydroxyphenylalanine (L-DOPA) by tyrosine hydroxylase. L-DOPA is then decarboxylated by aromatic L-amino acid decarboxylase to form dopamine. After release and interaction with receptors, any remaining dopamine undergoes active reuptake into the nerve ending. The level of dopamine in nerve endings is regulated by monoamine oxidase (which breaks down dopamine) and tyrosine hydroxylase.
Dopaminergic receptors are divided into D1 through D5 subtypes. D3 and D4 are involved in thought control processes (reducing the severity of negative symptoms in schizophrenia); D2 receptors regulate the functions of the extrapyramidal system. However, affinity for a particular type of receptor does not necessarily predict the functional response (internal activity). For example, ropinirole, which has high affinity for D3 receptors, exhibits internal activity by activating D2 receptors.



Noradrenaline 
Noradrenaline is the neurotransmitter of most postganglionic sympathetic fibers and many central neurons (e.g., in the locus coeruleus of the brainstem and the hypothalamus). Its precursor, tyrosine, is converted to dopamine, which is then hydroxylated to norepinephrine by dopamine beta-hydroxylase. After release and interaction with receptors, some norepinephrine is broken down by catechol-O-methyltransferase (COMT), while the remainder undergoes active reuptake into nerve endings, where it is metabolized by monoamine oxidase (MAO). Intraneuronal levels of norepinephrine are regulated by the enzymes tyrosine hydroxylase, dopamine beta-hydroxylase, and MAO.
Adrenergic receptors are subdivided into alpha-1 (postsynaptic in the sympathetic nervous system), alpha-2 (presynaptic in the sympathetic nervous system and postsynaptic in the brain), beta-1 (in the heart), or beta-2 (in other structures innervated by the sympathetic nervous system).

Endorphins and enkephalins
This group of compounds represents opioids.

Endorphins are polypeptides that activate many central neurons, such as those in the hypothalamus, olives, thalamus, and locus coeruleus. The cell body contains a large polypeptide called proopiomelanocortin, the precursor of alpha, beta, and gamma endorphins. Proopiomelanocortin is transported along the axon and cleaved into fragments; one of them is beta-endorphin, found in neurons located in the periventricular gray matter, limbic system structures, and large catecholamine-containing brain neurons. After release and interaction with receptors, beta-endorphin undergoes hydrolysis by peptidases.
Enkephalins include methionine-enkephalin and leucine-enkephalin, which are low-molecular-weight peptides found in many central neurons, such as in the paleostriatum, thalamus, tail and central nuclei. Their precursor, proenkephalin, is formed in the cell body, and then it is cleaved into active peptides by specific peptidases. These substances are also present in the spinal cord, where they act as neurotransmitters of pain signals. The neurotransmitters for pain signals in the dorsal horn of the spinal cord are glutamate and substance P. Enkephalins reduce the amount of released neurotransmitter and hyperpolarize (give a more negative charge) the postsynaptic membrane, reducing the generation of action potentials and the perception of pain at the post-central gyrus level. After release and interaction with peptidergic receptors, enkephalins are hydrolyzed into smaller, inactive peptides and amino acids. Due to the rapid inactivation of exogenous enkephalins in the body, their clinical use is not feasible. More stable molecules, such as morphine, are used as analgesics.
Opioid receptors for enkephalins and endorphins are classified into mu-1 and mu-2 (affecting sensory-motor integration and analgesia), delta-1 and delta-2 (affecting motor integration, cognitive functions, and analgesia), and kappa-1, kappa-2, and kappa-3 (affecting water balance regulation, analgesia, and food intake). Sigma receptors, currently classified as non-opioid receptors, are primarily located in the hippocampus and bind to phencyclidine. New data suggest the existence of many more pharmacologically significant subtypes of receptors. The protein precursor molecule components can be rearranged during receptor synthesis, resulting in multiple receptor variants (e.g., 27 variants of mu-opioid receptor). Additionally, two receptors can dimerize to form a new receptor through dimerization.

Other neurotransmitters
Dynorphins are a group of 7 peptides with similar amino acid sequences. They belong to the opioid family, along with enkephalins.
Substance P is a peptide found in central neurons (in structures such as the pineal gland, substantia nigra, basal ganglia, medulla oblongata, and hypothalamus) and is also present in high concentrations in the posterior root ganglia. Intense afferent pain stimuli induce the release of Substance P. It modulates the neural response to pain and mood, and by activating NK1A receptors located in the brainstem, it regulates effects such as nausea and vomiting.
Nitric oxide (NO) is an unstable gaseous compound that mediates many neuronal processes. It is produced from arginine with the help of NO synthase. Neurotransmitters that cause an increase in intracellular calcium levels (such as Substance P, glutamate, and acetylcholine) stimulate NO synthesis in neurons expressing NO synthase. NO can function as an intracellular messenger, diffusing from one neuron to another, causing physiological responses, such as long-term potentiation (the strengthening of certain pre- and postsynaptic responses as a mechanism of learning), or increasing glutamate (NMDA) receptor-mediated neurotoxicity (e.g., in Parkinson's disease, stroke, or Alzheimer's disease). NO influences other neurotransmitters, such as GABA and acetylcholine, by altering the flow of calcium into cells to increase the release of other neurotransmitters.

Additional gaseous neurotransmitters include carbon monoxide (CO) and hydrogen sulfide (H2S). These mediators are produced in cells throughout the body, including the brain. Endogenous CO is formed through heme metabolism and may be involved in processes related to fever, inflammation, cell survival, and control of blood vessel dilation. Some enzymes are involved in H2S production, which is believed to be necessary for memory formation and retention.
The role of many potential neurotransmitters, including histamine, vasopressin, vasoactive intestinal peptide, carnosine, bradykinin, cholecystokinin, bombesin, somatostatin, corticotropin-releasing factor, neurotensin, and possibly adenosine, remains incompletely understood. Endocannabinoids are endogenous lipid-based neurotransmitters that regulate the function of the brain, endocrine, and immune systems.

Diseases associated with neurotransmission disorders
As a result of diseases or exposure to substances that can disrupt the synthesis, release, receptor interaction, degradation, or reuptake of neurotransmitters, neurological or psychiatric symptoms and disorders develop. Medications that intervene in the neurotransmission process can alleviate the course of many of these conditions, such as Parkinson's disease and depression.
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