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 NERVOUS SYSTEM



Introduction and Classification

The nervous system is a complex network of specialized cells called neurons, along with support cells, that transmit electrochemical signals between different parts of the body. These signals allow for communication and coordination of bodily functions, including sensory perception, motor responses, cognition, and regulation of physiological processes.

Role and Function:

The nervous system serves as the primary control and coordination system of the body, regulating various physiological activities, such as movement, sensation, thought, and emotion.

Evolution and Complexity:

Highly evolved over time to efficiently respond to environmental stimuli and adapt to changing conditions. It is characterized by its intricate structure and function, making it the most complex system in the human body.

Limitations:

While highly sophisticated, the nervous system has limited regenerative capabilities compared to other bodily systems, which can pose challenges in recovery from injuries or diseases.

Sensory and Motor Functions:

The sensory part of the nervous system collects information from the external environment and internal bodily processes, while the motor part coordinates responses to this information, resulting in actions and behaviors.

Brain Weight and Buoyancy:

The brain, the central organ of the nervous system, weighs an average of 1500-2000 grams in air. However, when suspended in cerebrospinal fluid, it weighs only around 50 grams, providing buoyancy and protection.

Neuronal Density:

The adult brain contains an estimated 180-200 billion neurons, forming intricate networks that underlie cognitive processes, behavior, and overall brain function.

Below is a table outlining the parts of the human nervous system:

Central Nervous System (CNS):

Brain


		The brain, a complex organ responsible for controlling various bodily functions and cognitive processes, consists of several distinct parts. These parts are organized into three main divisions: the forebrain, midbrain, and hindbrain. Each division contains subdivisions that perform specialized functions.



Forebrain (Prosencephalon)


		
Subdivisions:



A. Telencephalon (Cerebrum): Comprises two cerebral hemispheres and the median part in front of the interventricular foramen.

B. Diencephalon (Thalamencephalon): Hidden by the cerebrum, includes:

Thalamus: Acts as a relay station for sensory information.

Hypothalamus: Regulates various autonomic functions, hormone secretion, and emotional responses.

Metathalamus: Includes the medial and lateral geniculate bodies, involved in sensory processing.

Epithalamus: Contains structures like the pineal body, habenular trigone, and posterior commissure.

Subthalamus: Involved in motor control.

Midbrain (Mesencephalon)

Crus Cerebri: Contains motor tracts.

Substantia Nigra: Plays a role in motor control.

Tegmentum: Involved in various sensory and motor functions.

Tectum: Includes the superior and inferior colliculi, which are involved in visual and auditory processing, respectively.

Hindbrain (Rhombencephalon)


		
Metencephalon:



Pons: Acts as a bridge connecting different parts of the brain.

Cerebellum: Responsible for coordination, balance, and fine motor control.


		
Myelencephalon or Medulla Oblongata:



Medulla Oblongata: Regulates vital functions such as breathing, heart rate, and blood pressure.

Cavity


		
Lateral Ventricle: Fluid-filled cavity within each cerebral hemisphere.

		
Third Ventricle: Located in the diencephalon, between the two thalami.

		
Cerebral Aqueduct: Connects the third and fourth ventricles, allowing cerebrospinal fluid to flow.

		
Fourth Ventricle: Positioned between the brainstem and cerebellum, near the back of the brain.



Spinal Cord:


		Long, cylindrical bundle of nerve fibers.

		Transmits sensory information to the brain and motor commands from the brain to the body.

		Also involved in reflex actions.



Peripheral Nervous System (PNS):


		
Cranial Nerves:




		Twelve pairs of nerves that originate from the brainstem or brain.

		Innervate structures of the head and neck, including muscles, glands, and sensory receptors.

		Responsible for functions such as vision, hearing, taste, and facial movements.




		
Spinal Nerves:




		Thirty-one pairs of nerves that emerge from the spinal cord.

		Categorized into cervical, thoracic, lumbar, sacral, and coccygeal regions.

		Composed of sensory (afferent) and motor (efferent) fibers.

		Innervate various regions of the body.



Somatic Nervous System:


		Controls voluntary movements of skeletal muscles.

		Receives sensory information from the skin, muscles, and joints, providing feedback to the CNS.

		Examples include walking, running, and sensory perception of touch, pain, and temperature.





Autonomic Nervous System (ANS):


		Controls involuntary bodily functions.

		Regulates processes such as heart rate, blood pressure, digestion, and respiration.

		Divided into:




		
Sympathetic Nervous System:




		Activated during "fight or flight" responses.

		Increases heart rate, dilates pupils, redirects blood flow to muscles, and suppresses non-essential functions.




		
Parasympathetic Nervous System:




		Activated during "rest and digest" responses.

		Slows heart rate, constricts pupils, stimulates digestion, and promotes relaxation and recovery.




		Also includes the Enteric Nervous System:




		Controls the gastrointestinal system.

		Regulates processes such as peristalsis, secretion, and blood flow within the digestive tract.

		Functions semi-autonomously but is influenced by the CNS.



Functional Classification:


		
Afferent Component:




		This component of the peripheral nervous system is responsible for conveying sensory information from the body to the central nervous system (CNS). Sensory receptors detect stimuli from the external environment (such as touch, temperature, pain) and internal environment (such as internal organ function), and transmit this information to the CNS for processing and interpretation.




		
Efferent Component:




		This component of the peripheral nervous system carries motor information from the CNS to various effector organs in the body, such as muscles, glands, blood vessels, and the heart. It allows for responses to sensory stimuli and the regulation of bodily functions.



a. Somatic Nervous System:


		This part of the efferent component is responsible for the voluntary control of skeletal muscles. It enables conscious movements and responses to sensory stimuli, such as voluntary movements like walking, speaking, or reaching.



b. Autonomic Nervous System (ANS):


		The autonomic nervous system controls involuntary bodily functions, maintaining internal homeostasis and regulating visceral organs. It is further subdivided into two branches:

		
Sympathetic Nervous System:




		The sympathetic nervous system activates the body's "fight or flight" response, preparing it for action in response to stress or danger. It increases heart rate, dilates airways, and redirects blood flow to muscles, among other responses.




		
Parasympathetic Nervous System:




		The parasympathetic nervous system promotes the body's "rest and digest" state, conserving energy and maintaining bodily functions during periods of rest and relaxation. It slows heart rate, stimulates digestion, and promotes relaxation.






		Structural units of Nervous System




		1. Neurons:



Neurons are specialized cells responsible for transmitting electrical and chemical signals throughout the nervous system.

Each neuron consists of:


		
Cell Body (Soma): The central region of the neuron containing the nucleus and other organelles necessary for cellular function. The cell body is where most metabolic processes occur.

		
Dendrites: Short, branched extensions emerging from the cell body. Dendrites receive signals from other neurons or sensory receptors and transmit them toward the cell body.

		
Axon: A long, slender projection that conducts electrical impulses away from the cell body toward other neurons, muscles, or glands. Axons can be quite long and are covered by a myelin sheath, which enhances signal transmission speed.



Neurons exhibit dynamic polarity, with signals typically traveling towards the cell body along dendrites and away from the cell body along the axon.

Classification of neurons:

Based on the number of processes:


		
Multipolar neurons: Possess multiple dendrites and a single axon. Most common type in humans.

		
Bipolar neurons: Have one dendrite and one axon, found in special sensory organs like the retina and olfactory epithelium.

		
Pseudounipolar neurons: Initially unipolar but functionally bipolar, with an axon that splits into two branches. Found in dorsal root ganglia.

		
Unipolar neurons: Have a single process extending from the cell body, found in some sensory neurons during fetal development and in lower vertebrates.



Based on the length of the axon:


		
Golgi Type I neurons: Have long axons and are involved in long-distance communication. Examples include pyramidal cells in the cerebral cortex.

		
Golgi Type II neurons: Have short axons and establish synapses with nearby neurons. Found in cortical and cerebellar regions.

		
Amacrine neurons: Lack an axon and only have dendrites. Found in the retina.



Classification Based on Shape:


		
Stellate Neurons: Star-like shape with multiple dendrites.

		
Basket Neurons: Basket-like appearance with axon collaterals.

		
Fusiform Neurons: Elongated spindle-shaped cell body.

		
Pyramidal Neurons: Triangular-shaped cell body with apical and basal dendrites.



Classification Based on Size:


		
Macroneurons: Larger neurons with a cell body size > 7 micrometers.

		
Microneurons: Smaller neurons with a cell body size < 7 micrometers




		Functionally, neurons can be categorized into sensory neurons, motor neurons, and autonomic neurons (parasympathetic and sympathetic).




		2. Neuroglial Cells:



Neuroglial cells, or glia, are non-neuronal cells that provide support and protection to neurons.

Types of neuroglial cells include:


		
Astrocytes: Star-shaped cells that provide metabolic support to neurons, regulate ion concentrations, and form the blood-brain barrier. Subtypes include protoplasmic (found in gray matter) and fibrous (found in white matter) astrocytes.

		
Oligodendrocytes: Produce myelin in the central nervous system, wrapping around axons to form the myelin sheath, which enhances signal conduction speed.

		
Microglia: Act as the immune cells of the central nervous system, removing debris and pathogens through phagocytosis.

		
Ependymal Cells: Line the cavities of the brain and spinal cord, producing cerebrospinal fluid and providing a barrier between the fluid compartments.

		
Schwann Cells: Analogous to oligodendrocytes, Schwann cells produce myelin in the peripheral nervous system, wrapping around axons to form the myelin sheath.



Glial cells also play roles in neural repair, synaptic transmission, and maintaining homeostasis within the nervous system.


		Structure of Neuron



A neuron is the fundamental unit of the nervous system, responsible for transmitting information throughout the body. It is composed of three main parts:


		Nerve Cell Body (Soma)

		Dendrites

		Axon



Dendrites and axons are often referred to as nerve fibers, with dendrites being short processes and axons being long processes.


		[image: Image]

		Nerve Cell Body



The nerve cell body, also known as the soma or perikaryon, is irregularly shaped and contains the following components:


		
Neuroplasm: The cytoplasm of the neuron, which is surrounded by a cell membrane.

		
Nucleus: Each neuron has a centrally located nucleus, which contains one or two prominent nucleoli. Notably, the nucleus lacks a centrosome, preventing the neuron from dividing like other cells.

		
Nissl Bodies: These are basophilic granules found in the cytoplasm of neurons, responsible for protein synthesis. They are present in the soma and dendrites but absent in the axon and axon hillock. Nissl bodies are composed of ribosomes and are crucial for the synthesis of proteins in neurons.

		
Neurofibrils: Thread-like structures that form a network within the soma and nerve processes, consisting of microfilaments and microtubules.

		
Mitochondria: Present in the soma and axon, mitochondria serve as the powerhouse of the neuron, producing ATP.

		
Golgi Apparatus: Similar to that in other cells, it processes and packages proteins into granules.




		Dendrites



Dendrites are branched processes of the neuron that receive signals from other neurons. Key features include:


		
Structure: Dendrites may be present in varying numbers and are typically shorter than axons.

		
Function: They transmit impulses toward the nerve cell body and contain Nissl granules and neurofibrils.




		Axon



The axon is the long process of the neuron responsible for transmitting impulses away from the nerve cell body. Key characteristics include:


		
Structure: Each neuron has only one axon, which arises from the axon hillock. Axons are devoid of Nissl granules and can extend for long distances (up to 1 meter in some cases).

		
Function: Axons transmit impulses away from the nerve cell body.




		Organization of Nerve



Nerves are composed of many bundles of nerve fibers, known as fasciculi. The coverings of nerves include:


		
Epineurium: The outermost covering of the entire nerve, formed by areolar connective tissue.

		
Perineurium: The covering surrounding each fasciculus.

		
Endoneurium: The covering surrounding each individual nerve fiber (axon).



Internal Structure of Axon

The axon consists of:


		
Axoplasm: The central core of cytoplasm within the axon.

		
Axolemma: The tubular sheath-like membrane covering the axoplasm, which is a continuation of the cell membrane of the nerve cell body.



The axoplasm contains mitochondria, neurofibrils, and axoplasmic vesicles. Proteins necessary for the axon are synthesized in the soma and transported via axonal flow.


		Myelin Sheath



The myelin sheath is a thick lipoprotein layer that insulates myelinated nerve fibers. Key features include:


		
Structure: The myelin sheath is not continuous and is absent at regular intervals, creating nodes of Ranvier. The segments between two nodes are called internodes.

		
Formation: Myelinogenesis occurs when Schwann cells wrap around the axon, forming the myelin sheath. This process begins in the fourth month of intrauterine life and is completed by the second year after birth.

		
Function: The myelin sheath facilitates faster conduction of nerve impulses through saltatory conduction, where impulses jump from one node to another. It also provides insulation, preventing the stimulation of neighboring nerve fibers.




		Neurilemma



The neurilemma, also known as the sheath of Schwann, surrounds the axis cylinder of the axon. Key features include:


		
Structure: It contains Schwann cells with flattened and elongated nuclei. In myelinated fibers, the neurilemma covers the myelin sheath, while in non-myelinated fibers, it surrounds the axolemma continuously.

		
Function: In non-myelinated fibers, the neurilemma serves as a protective covering. In myelinated fibers, it is essential for the formation of the myelin sheath. Neurilemma is absent in the central nervous system, where oligodendroglia cells are responsible for myelinogenesis.




		Neuroglia (Glial Cells)



Neuroglia, or glial cells, are the supporting cells of the nervous system. Unlike neurons, glial cells are non-excitable and do not transmit nerve impulses (action potentials). They outnumber neurons by approximately 10 to 15 times and play crucial roles in maintaining homeostasis, forming myelin, and providing support and protection for neurons. Neuroglial cells are also commonly associated with tumors in the nervous system.

Classification of Neuroglial Cells

Neuroglial cells are classified based on their location in the nervous system into two main types:

A. Central Neuroglial Cells (CNS)

Neuroglial cells in the central nervous system (CNS) are primarily of three types:


		Astrocytes

		Microglia

		Oligodendrocytes




		1. Astrocytes



Astrocytes are star-shaped neuroglial cells found throughout the brain. They can be further classified into two types:


		
Fibrous Astrocytes:




		Predominantly located in white matter, with some presence in gray matter.

		Their processes cover nerve cells and synapses, playing a crucial role in forming the blood-brain barrier by sending processes to the blood vessels, particularly capillaries, forming tight junctions.




		
Protoplasmic Astrocytes:




		Mainly found in gray matter.

		Their processes run between nerve cell bodies.



Functions of Astrocytes:


		Form a supporting network around nerve cells in the brain and spinal cord.

		Create the blood-brain barrier, regulating the entry of substances from blood into brain tissues.

		Maintain the chemical environment of the extracellular fluid (ECF) around CNS neurons.

		Provide calcium and potassium ions and regulate neurotransmitter levels in synapses.

		Regulate the recycling of neurotransmitters during synaptic transmission.




		2. Microglia



Microglia are the smallest neuroglial cells, derived from monocytes that migrate from the blood into the nervous system. They act as the immune cells of the CNS.

Functions of Microglia:


		Engulf and destroy microorganisms and cellular debris through phagocytosis.

		Migrate to sites of injury or infection, acting as miniature macrophages.




		3. Oligodendrocytes



Oligodendrocytes are neuroglial cells responsible for producing the myelin sheath around nerve fibers in the CNS. They are also known as oligodendroglia.

Functions of Oligodendrocytes:


		Provide myelination around nerve fibers in the CNS, where Schwann cells are absent.

		Support CNS neurons by forming a semi-stiff connective tissue between neurons.



B. Peripheral Neuroglial Cells (PNS)

Neuroglial cells in the peripheral nervous system (PNS) are of two types:


		Schwann Cells

		Satellite Cells




		1. Schwann Cells



Schwann cells are the primary glial cells in the PNS.

Functions of Schwann Cells:


		Provide myelination (insulation) around nerve fibers in the PNS.

		Play a crucial role in nerve regeneration by facilitating the repair process.

		Remove cellular debris during regeneration through their phagocytic activity.




		2. Satellite Cells



Satellite cells are glial cells located on the exterior surface of PNS neurons.

Functions of Satellite Cells:


		Provide physical support to PNS neurons.

		Help regulate the chemical environment of the ECF around PNS neurons.



[image: Image]


		Grey and White Matter



Grey Matter:

Composition: Grey matter consists of neuronal cell bodies (soma), dendrites, neuroglial cells, and a rich network of blood vessels.

Location: It covers the outer surface of the brain, forming the cerebral cortex. Within the brain, grey matter is also found in clusters deep within the white matter, known as ganglia or nuclei.

Function: Grey matter is involved in processing and integrating sensory information, as well as controlling voluntary movements, emotions, and higher cognitive functions.

White Matter:

Composition: White matter primarily comprises nerve fibers, including axons and dendrites, along with neuroglial cells and fewer blood vessels.

Location: In the brain, white matter is located deep to the grey matter of the cerebral cortex. In the spinal cord, white matter surrounds the centrally located grey matter, forming the characteristic "H-shaped" structure.

Function: White matter serves as a communication network, transmitting signals between different areas of grey matter within the brain and spinal cord. It facilitates the rapid transmission of electrical impulses, allowing for coordinated movement, sensory perception, and cognitive processes.

Comparison:

Composition: Grey matter contains cell bodies and neuroglial cells, while white matter primarily consists of nerve fibers.

Location: Grey matter is found on the outer surface of the brain and within deeper regions, while white matter is located deep to the grey matter in the brain and surrounds the grey matter in the spinal cord.

Function: Grey matter is involved in processing and integrating information, while white matter serves as a communication pathway, facilitating the transmission of signals between different brain regions.


		Nerve Fibers



Nerve fibers are the long, slender projections of neurons that transmit electrical impulses throughout the nervous system. They are essential for communication between different parts of the body and can be classified based on various criteria, including their diameter, conduction velocity, myelination, and function.

Classification of Nerve Fibers

Nerve fibers can be classified in several ways based on different criteria, including histological, functional, chemical, and physiological properties. Here are the main classifications:

1. Histological Classification


		A. Myelinated Nerve Fibers



Myelinated nerve fibers are covered by a myelin sheath, which is a fatty layer that insulates the axon and increases the speed of impulse conduction. The myelin sheath is not continuous; it is interrupted at regular intervals by nodes of Ranvier, which facilitate saltatory conduction (the jumping of action potentials from one node to the next).

Types of Myelinated Nerve Fibers


		
A Fibers: These are large-diameter myelinated fibers that conduct impulses rapidly. They can be further divided into subtypes:




		
Aα (Alpha): Largest diameter, responsible for motor functions and proprioception.

		
Aβ (Beta): Intermediate diameter, involved in touch and pressure sensation.

		
Aγ (Gamma): Smaller diameter, associated with muscle spindle function.

		
Aδ (Delta): Smallest diameter among A fibers, responsible for transmitting sharp pain and temperature sensations.




		B. Unmyelinated Nerve Fibers



Unmyelinated nerve fibers lack a myelin sheath and conduct impulses more slowly than myelinated fibers. These fibers are typically smaller in diameter and are found in various parts of the nervous system.

1. Types of Unmyelinated Nerve Fibers


		
C Fibers: These are small-diameter unmyelinated fibers that conduct impulses slowly. They are primarily responsible for transmitting dull, aching pain, temperature sensations, and autonomic functions.



2. Functional Classification


		
Motor Fibers (Efferent Fibers): These fibers transmit signals from the central nervous system (CNS) to muscles and glands, facilitating movement and physiological responses.

		
Sensory Fibers (Afferent Fibers): These fibers carry sensory information from peripheral receptors to the CNS, allowing the body to perceive stimuli such as touch, pain, temperature, and proprioception.



3. Chemical Classification


		
Adrenergic Fibers: These fibers produce norepinephrine (noradrenaline) as their neurotransmitter. They are primarily involved in the sympathetic nervous system and play a role in the "fight or flight" response.

		
Cholinergic Fibers: These fibers produce acetylcholine as their neurotransmitter. They are involved in both the peripheral and central nervous systems, mediating various functions including muscle contraction and autonomic responses.



4. Physiological Classification (Erlanger and Gasser)

Erlanger and Gasser classified nerve fibers based on their diameter and conduction velocity, which are key determinants of their physiological properties. The classification includes three main types:

A Fibers


		
Characteristics: Myelinated, large diameter, and fast conduction velocity.

		
Function: Somatic afferent (sensory) and efferent (motor) axons.

		
Examples: Alpha motor neurons, sensory fibers for touch and proprioception.



B Fibers


		
Characteristics: Myelinated, intermediate diameter, and moderate conduction velocity.

		
Function: Pre-ganglionic, efferent sympathetic axons.

		
Examples: Fibers that connect the CNS to autonomic ganglia.



C Fibers


		
Characteristics: Unmyelinated, small diameter, and slow conduction velocity.

		
Function: Sympathetic and somatic afferent axons.

		
Subtypes:




		
sC Fibers: Efferent, post-ganglionic sympathetic axons.

		
drC Fibers: Small afferent axons found in peripheral nerves and dorsal roots, characterized by the absence of negative after-potential.




Nerve fibers can be classified into two main categories: myelinated and unmyelinated fibers. Additionally, they can be further categorized based on their functional roles.


		



3. Functional Classification

Nerve fibers can also be classified based on their functional roles in the nervous system:


		
Sensory (Afferent) Fibers: These fibers carry sensory information from peripheral receptors to the central nervous system (CNS). They can be myelinated (Aα, Aβ, Aδ) or unmyelinated (C fibers).

		
Motor (Efferent) Fibers: These fibers transmit signals from the CNS to muscles and glands. They are typically myelinated (Aα fibers) and are responsible for voluntary and involuntary muscle contractions.

		
Autonomic Fibers: These fibers are part of the autonomic nervous system and can be myelinated (Aδ fibers) or unmyelinated (C fibers). They regulate involuntary functions such as heart rate, digestion, and glandular activity.






		

				Nerve Fiber Classification

		

		
				Classification

				Type

				Diameter

				Myelination

				Conduction Velocity

				Function

		

		
				Myelinated

				Aα

				Large (12-24 µm)

				Yes

				Fast 70-120 msec

				Motor, proprioception

		

		
				Myelinated

				Aβ

				Intermediate (6-12  µm)

				Yes

				Fast 30-70 msec

				Touch, pressure

		

		
				Myelinated

				Aγ

				Smaller (5-6 µm)

				Yes

				Fast 15-30 msec

				Muscle spindle function

		

		
				Myelinated

				Aδ

				Small (2-5 µm)

				Yes

				Moderate 12-30 msec

				Sharp pain, temperature

		

		
				Myelinated

				B

				Small (1-2 µm)

				Yes

				Moderate 3-15 msec

				Pre-ganglionic, efferent sympathetic axons

		

		
				Unmyelinated

				C

				 drC

				Small (0.4-1.2 µm)

				No

				Slow 0.5-2 msec

				Dull pain, temperature, autonomic

		

		
				sC

				Small  (0.3-1.3  µm)

				No

				Slow 0.7- 2.3 msec

				Postganglionic Sympathetics

		

	









		Properties of Nerve Fibers



Nerve fibers exhibit several key properties that are essential for their function in the nervous system. These properties include:


		Excitability

		Conductivity

		All-or-None Law

		Refractory Period

		Summation

		Adaptation

		Accommodation

		Indefatigability




		1. Excitability



Excitability is the ability of nerve fibers to respond to a suitable stimulus, which can be mechanical, thermal, chemical, or electrical. In experimental settings, electrical stimulation is commonly used because its strength and frequency can be precisely controlled.

Generation of Action Potential and Excitability of the Nerve

When a nerve fiber is stimulated by a threshold stimulus, it generates an action potential, which is a wave of electrical activity that travels along the nerve. This can be detected using instruments such as a galvanometer or a cathode ray oscilloscope (CRO).

Phases of Action Potential


		
Resting Potential: In a resting nerve fiber, the membrane potential is approximately -70 mV, with the inside of the cell being negatively charged compared to the outside. The sodium (Na) concentration is higher outside the membrane, while potassium (K) concentration is higher inside. At rest, the membrane is permeable to K but not to Na.

		
Depolarization: When a stimulus reaches the threshold level (around -55 mV), Na channels open, allowing Na to flow into the cell, causing depolarization. The membrane potential rises rapidly, reaching approximately +35 mV.

		
Repolarization: After reaching the peak depolarization, Na channels close, and K channels open, allowing K to exit the cell. This restores the negative charge inside the cell, leading to repolarization.

		
Hyperpolarization: The membrane potential may overshoot the resting level, becoming more negative than -70 mV, which is known as hyperpolarization.

		
Resting Membrane Potential: The resting potential is restored by the action of the Na-K pump, which actively transports Na out of the cell and K into the cell.



Ionic Basis of Excitability


		
Resting State: The nerve fiber remains polarized, with a resting membrane potential of -70 mV. Na cannot permeate the membrane, while K can.

		
Depolarization: The influx of Na during excitation leads to depolarization, while the efflux of K during repolarization restores the resting potential.

		
Factors Affecting Excitability:




		
Strength of Stimulus: A minimum strength (threshold) is required to excite the tissue.

		
Duration of Stimulus: The stimulus must last for a certain minimum period, known as utilization time. The shortest duration of current flow that excites the nerve is called chronaxie.

		
Direction of Current: Current passing along the length of the nerve is more effective than transverse current.

		
Frequency of Stimulus: Stronger stimuli can generate multiple impulses.



Compound Action Potential

The compound action potential is the summated action potentials recorded from a group of nerve fibers (e.g., sciatic nerve). It reflects the activity of different types of nerve fibers with varying conduction velocities. The multi-peaked shape of the compound action potential is due to the contributions of these different fibers.


		Stimulus



A stimulus is defined as an external agent that produces excitability in tissues. The response of nerve fibers to stimulation can be categorized into two main types: action potentials and electrotonic potentials.


		Action Potential (Nerve Impulse)



The action potential in a nerve fiber is similar to that in muscle fibers, with some minor differences. Key characteristics include:


		
Resting Membrane Potential: Approximately -70 mV.

		
Firing Level: Reached at -55 mV.

		
Depolarization Peak: Ends at approximately +35 mV.



Properties of Action Potential

The properties of action potential include:


		All-or-none response: Once the threshold is reached, an action potential is generated.

		Rapid depolarization followed by repolarization.

		Refractory periods during which the nerve fiber cannot be stimulated again.




		Electrotonic Potential (Local Potential)



Electrotonic potential, or local potential, is a non-propagated local response that develops when a subliminal stimulus is applied. Key features include:


		
Subliminal Stimulus: Does not produce an action potential but alters the resting membrane potential, resulting in slight depolarization (approximately 7 mV).

		
Firing Level: Action potential can only develop if depolarization reaches about 15 mV.



Properties of Electrotonic Potential


		
Non-Propagated: Electrotonic potentials do not spread along the nerve fiber.

		
Graded Response: The amplitude of the electrotonic potential increases with the intensity of the stimulus until the firing level is reached.




		Voltage Clamping



Voltage clamping is an experimental technique used to control and measure the membrane potential of nerve fibers. It allows researchers to study ionic currents across the membrane by fixing the membrane potential at a desired voltage.

Principle of Voltage Clamping


		Voltage-gated ion channels open and close in response to changes in membrane potential.

		To understand ion movement (ion flux), it is essential to eliminate variations in membrane potential.

		By clamping the membrane potential at a specific level, researchers can isolate and study the ion flux through ionic channels.



Equipment for Voltage Clamping

The voltage clamp setup consists of three main components:


		
Recording Amplifier: Measures the voltage of the membrane potential using two electrodes:




		
Extracellular Electrode: Placed on the outer surface of the nerve membrane.

		
Intracellular Electrode: Inserted into the nerve fiber.




		
Current Generator: Controls the resting membrane potential of the nerve fiber by passing current signals into the nerve fiber through a current electrode.

		
Feedback Amplifier: Maintains the desired membrane potential by adjusting the current as needed.




		2. Conductivity



Conductivity refers to the ability of nerve fibers to transmit impulses from the area of stimulation to other areas. The action potential, which is the electrical signal that travels along the nerve fiber, is transmitted as a nerve impulse. Under normal physiological conditions, action potentials are conducted in one direction along the nerve fiber. However, in experimental settings, stimulation can cause action potentials to travel in both directions. The characteristics of conductivity in nerve fibers include:

Characteristics of Conductivity


		
Direction of Impulse Propagation:




		Under normal physiological conditions, the nerve impulse travels in one direction only:




		In motor nerves, the impulse moves toward the responding organ.

		In sensory nerves, the impulse travels toward the central nervous system.




		However, in experimental conditions, the impulse can be propagated in both directions due to the absence of synaptic action.




		
Velocity of Nerve Impulse:




		The conduction velocity of a nerve impulse is influenced by several factors, including the diameter of the nerve fibers, myelination, and temperature.



Factors Affecting Conduction Velocity


		
Diameter of Nerve Fibers:




		Thicker nerve fibers conduct impulses faster than thinner ones. The conduction velocity in myelinated fibers is approximately six times the fiber diameter in microns for fibers larger than 3 µm.

		For unmyelinated fibers, the conduction velocity is proportional to the square root of the diameter. Below 1 µm, unmyelinated fibers may conduct impulses faster than myelinated fibers.




		
Myelination:




		Myelinated fibers exhibit saltatory conduction, where the impulse jumps from one node of Ranvier to another, significantly increasing conduction speed.

		The conduction velocity of peripheral nerve fibers in humans typically ranges from 60 to 120 m/s.




		
Temperature:




		Temperature plays a crucial role in nerve conduction. Cold-blooded animals exhibit lower conduction velocities compared to warm-blooded animals. Warming increases conduction velocity, while cooling diminishes it.



Calculation of Conduction Velocity

The conduction velocity (V) of a bundle of nerve fibers can be calculated using the formula:

V  (velocity in msec) =  L (length of the fiber in mm) / latency in msec

Where:


		 is the length of the nerve from the stimulating electrodes to the recording electrodes.

		Latency is the time taken for the action potential to travel that length.



The velocity-to-diameter ratio for mammalian nerve fibers is approximately 6 (known as the Hursh factor). Thus, if the diameter of the fiber is known, the conduction velocity can be estimated by multiplying the diameter (in µm) by 6.

Factors Affecting Conductivity and Excitability


		
Temperature: Cooling diminishes conductivity and excitability, while warming increases them.

		
Mechanical Pressure: Application of pressure can depress both conductivity and excitability.

		
Blood Supply: Cutting off blood supply results in the loss of both properties.

		
Chemicals: Substances like carbon dioxide (CO), narcotics (e.g., ether, chloroform, alcohol, Novocain) can diminish and eventually abolish excitability and conductivity.

		
H-ion Concentration: Increased pH (alkaline conditions) enhances conductivity and excitability, while decreased pH (acidic conditions) diminishes them. At pH 8.0, nerves may become hyperexcitable, leading to spontaneous discharges.

		
Calcium Ions (Ca): Increased calcium levels can diminish conductivity and excitability, while decreased levels can enhance them.

		
Plasma Potassium (K): Hyperkalemia (high potassium levels) makes the membrane potential less negative, reducing excitability by inactivating fast sodium channels. Hypokalemia (low potassium levels) increases the negativity of the membrane potential, thus reducing excitability.

		
Oxygen (O): Lack of oxygen depresses conductivity and excitability, and prolonged deprivation can abolish these properties. Restoration of oxygen can help recover these functions.




		Mechanism of Conduction of the Nerve Impulse



The conduction of nerve impulses is a complex process that involves changes in membrane potential and the movement of ions across the nerve fiber membrane. This process can be understood through two main mechanisms: the propagation of action potentials in unmyelinated fibers and saltatory conduction in myelinated fibers.

The conduction of action potentials involves the following steps:


		
Depolarization: When a nerve fiber is stimulated, depolarization occurs first at the site of stimulation. This change in membrane potential causes neighboring areas of the nerve fiber to also depolarize.

		
Propagation: The wave of depolarization travels along the nerve fiber, followed by repolarization, which restores the resting membrane potential.



1. Propagation of Action Potentials in Unmyelinated Fibers

According to the membrane theory, the nerve impulse is a propagated wave of depolarization. Here’s how it works:


		
Resting State: A resting nerve fiber is polarized, with positive charges on the outside of the membrane and negative charges on the inside.

		
Excitation: When the fiber is excited at a specific point, the polarity changes, resulting in a brief reversal of the membrane potential. This change is due to increased permeability of sodium ions (Na) to the membrane, leading to depolarization.

		
Local Circuit Current: A local circuit current flows between the depolarized membrane and adjacent resting membrane areas. Positive current flows inward through the depolarized membrane and outward through the resting membrane, completing the circuit.

		
Wave of Depolarization: This local depolarization current excites adjacent portions of the membrane, producing further depolarization. The depolarization wave travels along the entire length of the nerve fiber.



2. Saltatory Conduction in Myelinated Fibers

Saltatory conduction is a specialized form of impulse conduction that occurs in myelinated nerve fibers. In this process, the action potential jumps from one node of Ranvier to another, significantly increasing the speed of conduction.

In myelinated nerve fibers, conduction occurs differently due to the presence of the myelin sheath:


		
Myelin Sheath: The myelin sheath surrounding the axon is impermeable to ions, meaning that sodium ions can only enter the nerve fiber at the nodes of Ranvier, where the myelin sheath is absent.

		
Node-to-Node Transmission: The impulse is transmitted from one node of Ranvier to the next, rather than continuously along the entire length of the fiber. This jumping of depolarization from node to node is known as saltatory conduction (from the Latin "saltare," meaning "to jump").

		
Jumping of Action Potential: As a result, the action potential effectively "jumps" from one node to the next, allowing for much faster conduction speeds—approximately 50 times faster than in unmyelinated fibers.

		
Increased Conduction Velocity: The myelin sheath increases the velocity of conduction, allowing for faster transmission of nerve impulses.




		3. All-or-None Law



The all-or-none law states that if a stimulus is adequate, a single nerve fiber will always produce a maximum response. If the strength or duration of the stimulus is increased beyond the threshold, there will be no change in the response. This property is particularly evident in single fiber preparations. However, in whole nerves, the response may vary due to the involvement of multiple fibers with different thresholds and conduction properties.


		4. Refractory Period



The refractory period is a critical phase in the action potential cycle of nerve fibers, during which the nerve fiber is unable to respond to a second stimulus. This period is divided into several phases:

1. Absolute Refractory Period


		The absolute refractory period is the time during which the nerve fiber is completely unresponsive to any stimulus, regardless of its intensity.

		During this phase, the sodium channels are inactivated, preventing Na ions from entering the fiber, which means that no action potential can be generated.

		This period ensures that action potentials are discrete events and helps maintain the unidirectional flow of impulses along the nerve fiber.



2. Relative Refractory Period


		Following the absolute refractory period is the relative refractory period, during which the nerve fiber can respond to a stimulus, but only if the stimulus is stronger than normal.

		During this phase, the excitability of the nerve fiber is subnormal but gradually increasing as the membrane potential returns toward the resting state.



3. Supernormal Phase


		The supernormal phase is a brief period following the relative refractory period during which the nerve fiber exhibits increased excitability.

		During this phase, a stimulus that is weaker than normal can elicit an action potential.



4. Subnormal Phase


		The subnormal phase follows the supernormal phase and is characterized by a period of decreased excitability.

		During this time, the nerve fiber is less responsive to stimuli than it is at rest.



Summary of Refractory Period Durations

In large mammalian nerve fibers, the durations of the refractory periods are approximately as follows:


		
Absolute Refractory Period: 0.5 milliseconds

		
Relative Refractory Period: 3 milliseconds

		
Supernormal Phase: 12 milliseconds

		
Subnormal Phase: Up to 70 milliseconds




		5. Summation (Latent Addition)



Summation refers to the phenomenon where two submaximal stimuli can combine to produce a response in a nerve fiber. If two stimuli are applied in quick succession, the effects can add together, leading to a greater response than either stimulus alone.


		As the time intervals between stimuli decrease, there will be a point where the second stimulus fails to produce a compound action potential of equal length, indicating the onset of the absolute refractory period.

		When a single subliminal stimulus is applied, it does not elicit a response due to its weak nature.

		However, if two or more subliminal stimuli are applied within a short interval (approximately 0.5 milliseconds), their effects can sum together, resulting in a strong enough stimulus to produce a response.




		6. Adaptation



Adaptation is the process by which a nerve fiber quickly adjusts to a constant stimulus.


		During adaptation, the nerve fiber may not respond to a constant current. Only a sudden change in the strength of the current (either an increase or a decrease) will elicit a response.

		Gradual changes in stimulus strength will not excite the nerve fiber.



Cause of Adaptation


		Continuous stimulation leads to persistent depolarization, which inactivates sodium channels and increases the efflux of potassium ions, reducing the nerve fiber's excitability.




		7. Accommodation



Accommodation occurs when a stimulus is applied very slowly to a nerve fiber, even if the stimulus is strong.


		In this case, the nerve may not respond because it does not reach the threshold strength required to generate an action potential.

		This phenomenon highlights the importance of the rate of change in stimulus strength for eliciting a response.




		8. Indefatigability



Indefatigability refers to the ability of nerve fibers to maintain their function even after repeated stimulation.


		In nerve-muscle preparations, if a nerve is stimulated repeatedly, the muscle may eventually fail to respond. However, if the nerve is isolated from the muscle and placed on a fresh muscle, it can still elicit a response.

		This indicates that the nerve itself is not fatigued, but rather that the muscle may be temporarily unable to respond due to fatigue.



Nerve fibers exhibit infatigability, meaning they do not become fatigued even with continuous stimulation over long periods. This is because a nerve fiber can conduct only one action potential at a time, during which it is in a refractory state and cannot conduct another action potential.
 


		Metabolism in Nerve Fibers



Nerve fibers undergo continuous metabolic changes, even at rest, with an increase in metabolic rate during activity. The following points summarize the key aspects of metabolism in nerve fibers:

Oxygen Consumption and Carbon Dioxide Production


		Nerve fibers continuously consume oxygen (O) and produce carbon dioxide (CO).

		The resting sciatic nerve fiber consumes approximately 0.7 cubic millimeters of O and evolves about 0.6 cubic millimeters of CO per gram of nerve fiber per minute, with a respiratory quotient (RQ) of 0.8.

		During activity, there is an additional consumption of about 0.25 cubic millimeters of O and a slightly smaller amount of CO produced per gram of nerve fiber per minute, with an RQ of approximately 0.99.

		The increased O consumption during activity is associated with the evolution of delayed heat.



Frequency and Strength of Stimulation


		As the frequency of stimulation increases, the total O consumption rises, but the O consumption per impulse decreases proportionally.

		Increasing the strength of the stimulus above the threshold does not lead to an increase in O consumption.



Chemical Changes and Their Relation to Nerve Fiber Properties


		
Oxygen Independence: Unlike muscle fibers, nerve fibers can maintain excitability, conductivity, and recovery processes for a considerable time even in the absence of oxygen.

		
Chemical Changes: The chemical changes in nerve fibers are similar to those in muscle fibers. Pyruvic acid is formed, and if oxygen supply is insufficient, lactic acid accumulates. Thiamine, essential for the complete oxidation of these acids, is present in good amounts in nerve fibers. While carbohydrates are a source of energy, they are not the only source; the breakdown of phospholipids also contributes.

		
Energy Supply: The energy requirement of resting nerves is primarily supplied by the combustion of sugars and phospholipids.

		
Energy During Activity: During activity, ATP and creatine phosphate break down to supply energy for the propagation of nerve impulses. Both ATP and creatine phosphate are resynthesized afterward, although the source of energy for this recovery process is not well understood. During activity, acetylcholine is released by cholinergic fibers, while norepinephrine is released by adrenergic fibers.

		
Ion Migration: Nerve fibers are rich in potassium (K) and thiamine. During activity, K (and possibly thiamine) diffuses out of the fibers while sodium (Na) enters. This migration of K and Na is closely related to the properties of excitability and conductivity in nerve fibers.




		Heat Production in Nerve Fibers



Metabolism in nerve fibers is low, but heat production increases during activity. Heat is evolved in three phases:


		
Initial Heat:




		Accounts for about 10% of the total heat produced (approximately 5-10 microcalories per second per gram of nerve fiber).

		The rate of evolution is brisk, being 5000 times greater than that of delayed heat.

		This heat is anaerobic and coincides with the spike potential, possibly caused by the breakdown of ATP, creatine phosphate, or the discharge of an electric double layer at the nerve fiber's surface.




		
Delayed Heat:




		This phase is aerobic and produces 8.5 times more heat than the initial heat.

		The energy from delayed heat is likely used for the resynthesis of ATP and creatine phosphate, helping restore the normal excitability of the nerve fiber.

		Delayed heat comes in two phases:




		The first phase lasts a few seconds and produces a small amount of heat, similar to the initial heat.

		The second phase may last 10-30 minutes and contributes the greatest proportion of both total and delayed heat.



Effects of Stimulus Strength and Frequency on Heat Production


		Increasing the strength of the stimulus does not raise heat production.

		However, increasing the frequency of stimulation can increase heat production by about 25%.



Comparison of Heat Production


		It is important to note that heat production in the gray matter (nerve cell bodies) is significantly greater than that in the nerve fibers.




		Physiological Properties of Nerve Fibers



The physiological properties of nerve fibers can be studied using techniques such as the cathode ray oscilloscope (CRO). By placing microelectrodes within the nerve fiber and differential electrodes outside, researchers can observe action potentials and membrane potentials.

Nerve Injury and Response

The electrical response of a muscle can indicate whether it is degenerating. The motor point, where the muscle receives its motor nerve, is mapped for reference during procedures. The response to stimulation can be categorized as follows:


		
Cathode-Closing Contraction (CCC): Response when the stimulating electrode is cathode.

		
Cathode-Opening Contraction (COC): Response at the break when the stimulating electrode is cathode.

		
Anode-Opening Contraction (AOC): Response when the stimulating electrode is anode.

		
Anode-Closing Contraction (ACC): Response at the break when the stimulating electrode is anode.



The quantitative relationship is: CCC > ACC > AOC > COC. In cases of muscle degeneration, the relationship changes, and the reaction of degeneration (RD) occurs, characterized by a slow, worm-like contraction to galvanic stimulation.

Degeneration and Regeneration of Nerve

Nerve injury can result from various causes, including compression, ischemia, laceration, traction, or burning. The severity of the injury can vary, leading to different outcomes:

Sunderland Classification of Nerve Injury


		
First Degree Injury: Transient ischemia and neurapraxia, effects are reversible.

		
Second Degree Injury: Axonal degeneration occurs, but the endoneurium is preserved, allowing for potential recovery.

		
Third Degree Injury: The endoneurium is disrupted, limiting recovery due to fibrosis and crossed connections.



Wallerian Degeneration

Wallerian degeneration occurs when a nerve axon is cut, crushed, or frozen, leading to anterograde degeneration. The process involves:


		
Early Changes: Disruption of synaptic transmission, swelling of cut ends, and degeneration of synaptic terminals.

		
Later Changes: Myelin breakdown, axonal degeneration, and chromatolysis (swelling of the cell body).



Regeneration

Regeneration occurs only in the peripheral nervous system where the neurolemma is present. The steps involved in regeneration include:


		
Axon Growth: The axis cylinder grows from the central cut end toward the neurolemmal cord.

		
Neurotropism: Proliferated Schwann tissue guides the growing axis cylinder.

		
Neurofibril Splitting: The growing fiber splits into numerous neurofibrils, with one eventually occupying the central part of the neurolemmal tube.

		
Growth Rate: The daily rate of growth is about 0.25 mm in scar tissue and 3-4 mm in peripheral neurolemmal tubes.

		
Myelin Sheath Formation: Myelin begins to appear about 15 days post-injury, with gradual recovery of function.




		Degeneration and Regeneration of Nerve



The process of nerve injury and repair involves several stages, and the ability of nerve fibers to regenerate is crucial for restoring function. 

When a nerve fiber is injured, various changes occur in both the nerve fiber and the nerve cell body, collectively referred to as degenerative changes. Understanding these changes is crucial for comprehending the mechanisms of nerve injury and repair. Here’s an overview of the degeneration and regeneration processes, along with the concept of transneuronal degeneration.

Causes of Nerve Injury

Nerve fibers can be injured due to several causes, including:


		
Obstruction of Blood Flow: Reduced blood supply can lead to nerve damage.

		
Local Injection of Toxic Substances: Chemicals can cause direct harm to nerve fibers.

		
Crushing of Nerve Fiber: Physical trauma can disrupt nerve integrity.

		
Transection of Nerve Fiber: Complete severing of the nerve can lead to significant injury.



Degrees of Injury

Sunderland classified nerve injuries into five categories based on severity:

1. First Degree Injury (Neuropraxia)


		
Description: The most common type of nerve injury, caused by short-term pressure leading to blood flow occlusion and hypoxia.

		
Effects: Mild demyelination occurs, but the axon remains intact. This results in a temporary loss of function known as a conduction block.

		
Recovery: Function typically returns within hours to weeks.



2. Second Degree Injury (Axonotmesis)


		
Description: Caused by prolonged severe pressure, leading to Wallerian degeneration while the endoneurium remains intact.

		
Recovery: Repair and restoration of function can take up to 18 months.



3. Third Degree Injury (Neurotmesis)


		
Description: The endoneurium is interrupted, but the epineurium and perineurium remain intact.

		
Recovery: Recovery is slow and often incomplete.



4. Fourth Degree Injury (Neurotmesis)


		
Description: More severe injury where both the epineurium and perineurium are disrupted, leading to disorganized fasciculi of nerve fibers.

		
Recovery: Regeneration is poor or incomplete.



5. Fifth Degree Injury (Neurotmesis)


		
Description: Complete transaction of the nerve trunk with loss of continuity.

		
Recovery: Useful regeneration is not possible unless the cut ends are surgically approximated.




		Degeneration of Nerve Fibers




		
Framework Resistance: The framework of both sensory and motor endings can resist degeneration for months. If nerve fibers fail to regenerate, the endings may atrophy. However, if regeneration occurs, the living frameworks of the nerve endings can quickly establish connections with the growing fibers and resume functioning.

		
New Connections: Some newly growing fibers may connect with new types of endings in different locations, and it is possible for fresh nerve endings to develop around them.

		
Functional Regeneration Timeline: Complete functional regeneration typically occurs after histological regeneration, which takes about 3 weeks for motor nerve fibers and 5 weeks for sensory nerve fibers.



Degenerative Changes in the Neuron

Degenerative changes refer to the deterioration or pathological changes in injured tissues. When a peripheral nerve fiber is injured, degenerative changes occur in both the nerve cell body and the nerve fiber of the same neuron, as well as in adjoining neurons. These changes are classified into three types:

1. Wallerian Degeneration (Orthograde Degeneration)


		
Description: Pathological changes that occur in the distal cut end of the nerve fiber.

		
Timeline: Begins within 24 hours of injury.

		
Changes:




		The axis cylinder swells and breaks into small pieces, which appear as debris.

		The myelin sheath disintegrates into fat droplets over 8 to 35 days.

		The neurilemmal sheath remains unaffected, and Schwann cells multiply rapidly to remove debris.



2. Retrograde Degeneration


		
Description: Pathological changes that occur in the nerve cell body and axon proximal to the cut end.

		
Changes in Nerve Cell Body:




		Nissl granules disintegrate (chromatolysis).

		Golgi apparatus disintegrates.

		The nerve cell body swells and becomes round.

		Neurofibrils disappear, and the nucleus may be displaced toward the periphery or extruded, leading to neuron death.




		
Changes in Axon Proximal to Cut End: Similar degenerative changes occur up to the first node of Ranvier from the injury site.



3. Transneuronal Degeneration


		
Definition: Transneuronal degeneration refers to the phenomenon where the degeneration of one neuron or its motor fiber leads to the degeneration of the next neuron in the chain, even in the absence of direct anatomical continuity through synapses. This is often considered a form of disuse atrophy.




		
Examples:




		After sectioning the optic nerve, the cells in the lateral geniculate body may degenerate.

		Following the section of the posterior spinal root, the posterior horn cells may degenerate.

		In lesions of the motor cortex or pyramidal tracts, anterior horn cells may also degenerate.

		Chromatolysis in the lateral geniculate body after optic nerve section.

		Degeneration of dorsal horn cells after posterior nerve root section.

		Degeneration of ventral horn cells due to tumors in the cerebral cortex.




		Regeneration of Nerve Fiber



Regeneration refers to the regrowth of lost or destroyed parts of a tissue. Injured and degenerated nerve fibers can regenerate, starting as early as the fourth day after injury, becoming more effective after 30 days, and completing in about 80 days.

Criteria for Regeneration

Regeneration is possible if the following criteria are met:


		The gap between the cut ends of the nerve should not exceed 3 mm.

		The neurilemma must be present; regeneration does not occur in the CNS due to the absence of neurilemma.

		The nucleus must be intact; if extruded, regeneration does not occur.

		The two cut ends should remain aligned; movement of one end disrupts regeneration.



Stages of Regeneration


		
Fibril Growth: Pseudopodia-like extensions (fibrils) grow from the proximal cut end, with up to 100 fibrils forming.

		
Fibril Movement: Fibrils move toward the distal cut end of the nerve fiber.

		
Entry into Neurilemmal Tube: Some fibrils enter the neurilemmal tube of the distal end and form an axis cylinder.

		
Guidance by Schwann Cells: Schwann cells line the neurilemmal tube and synthesize nerve growth factors to attract fibrils.

		
Establishment of Axis Cylinder: The axis cylinder is fully established inside the neurilemmal tube within about 3 months.

		
Myelin Sheath Formation: Myelination occurs slowly, completed in about 1 year.

		
Diameter Increase: The diameter of the nerve fiber gradually increases, but the regenerated fiber reaches only 80% of the original diameter.

		
Cell Body Recovery: Nissl granules and Golgi apparatus reappear, and the nucleus returns to a central position.

		
Functional Recovery: Although anatomical regeneration occurs, functional recovery may take a longer time.



Summary of Nerve Injury and Repair Process


		
Injury to Target Organ: For example, injury to striated muscle can initiate the degeneration process.

		
Distal Axon Disintegration: Following nerve injury, the distal part of the axon undergoes disintegration, and the myelin sheath breaks up.

		
Cell Body Changes: The nucleus of the nerve cell becomes eccentric, and Nissl bodies become sparse.

		
Recovery Stage: During recovery, new axonal tendrils grow into the mass of proliferating Schwann cells.

		
Regeneration: The tendrils find their way into the old endoneurial tube, and the axon slowly regenerates.




		Cathode Ray Oscilloscope (CRO)



The cathode ray oscilloscope (CRO) is a device used to measure and visualize electrical changes in living tissues, including action potentials in nerve fibers.

Working Principle


		
Electron Emission: A cathode emits electrons when a high voltage is applied, directing them into a focused beam that strikes the phosphor-coated screen of the CRO, producing a visible display.

		
Recording Action Potentials: To record action potentials, two electrical circuits are employed:




		
Electronic Sweep Circuit: This circuit moves the electron beam horizontally across the screen.

		
Electronic Amplifier: This circuit amplifies the electrical signals from the nerve fibers.



Deflection Plates


		
X-Plates: Vertical metal plates that control the horizontal movement of the electron beam.

		
Y-Plates: Horizontal plates connected to the electronic amplifier, which move the electron beam up and down in response to changes in action potential.



Experimental Setup


		Electrodes are placed on the nerve fiber or tissue to measure electrical potential changes. These electrodes connect to the amplifier circuit, allowing the potential changes to be recorded as vertical deflections on the CRO screen.



Components of the CRO


		
Cathode: Source of electrons.

		
Grid: Controls the intensity of the electron beam.

		
Anodes: Compress and accelerate the electron beam.




		




		Receptors



Receptors are sensory (afferent) nerve endings that terminate in the periphery as bare unmyelinated endings or in the form of specialized capsulated structures. They respond to stimuli and produce a series of impulses that are transmitted through afferent nerves.


		Biological Transducers



Receptors function as biological transducers, converting various forms of energy (stimuli) from the environment into action potentials in nerve fibers. This conversion allows the nervous system to process and respond to external and internal stimuli.


		Classification of Receptors



Sensory Afferent Receptors:


		
Free Nerve Endings:




		
Location: Found extensively in connective tissues, dermis, fasciae, tendons, ligaments, joints, capsules, peritoneum, perichondrium, and blood vessel sheaths.

		
Function: Detect various stimuli including temperature, touch, stretch, and pain. Serve as thermoreceptors, mechanoreceptors, and nociceptors.




		
Merkel (Disc Shaped) Endings:




		
Location: Located at the base of specialized non-nervous cells called Merkel cells, situated in the basal cells of the epidermis and around hair follicles.

		
Function: Respond to sustained pressure sensations.




		
Encapsulated Nerve Endings:




		
Tactile Corpuscles of Meissner:




		
Location: Present in the dermal papillae of the skin, particularly in areas like the hands, feet, lips, and tip of the tongue.

		
Function: Rapidly adapting mechanoreceptors, responsible for light touch sensation.




		
Lamellated (Pacinian) Corpuscles:




		
Location: Found in subcutaneous tissue and deep dermis.

		
Function: Detect deep pressure and high-frequency vibration.




		
Ruffini's Corpuscles:




		
Location: Situated in the deep dermis.

		
Function: Respond to skin stretching and sustained pressure.




		
Krause's End Bulb:




		
Location: Mainly found in mucocutaneous regions like the lips and external genitalia.

		
Function: Possibly involved in thermal sensation.




		
Receptors in Joints, Muscles, and Tendons:




		
Neurotendinous Spindle of Golgi:




		
Location: Found at musculotendinous junctions.

		
Function: Detect changes in tendon tension.




		
Neuromuscular Spindles:




		
Location: Located within skeletal muscles.

		
Function: Provide information about muscle length and tension, facilitating proprioception and coordinated movement.



Motor Efferent Endings:


		
Myoneural Junctions or Motor End Plates:




		
Location: Found on the surface of skeletal muscle fibers.

		
Function: Sites of synaptic transmission between motor neurons and muscle fibers, initiating muscle contraction upon neurotransmitter release.




		
Smooth Muscles:




		
Location: Contact between nerve endings and smooth muscles.

		
Function: Modulate smooth muscle contraction and relaxation, influencing various physiological processes such as digestion and blood vessel diameter regulation.




		Functional Classification of Receptors



Receptors can be classified into two main types:

A. Exteroceptors

Exteroceptors respond to stimuli arising from outside the body. They are further divided into three groups:


		
Cutaneous Receptors (Mechanoreceptors):




		Located in the skin, these receptors respond to mechanical stimuli such as touch, pressure, and pain. They also respond to vibration.




		
Chemoreceptors:




		These receptors respond to chemical stimuli, detecting changes in chemical composition.




		
Telereceptors:




		Also known as distance receptors, telereceptors respond to stimuli that arise away from the body, such as vision and hearing.



B. Interoceptors

Interoceptors respond to stimuli arising from within the body. They include:


		
Visceroceptors:




		Located in the viscera, these receptors detect internal organ sensations.




		
Proprioceptors:




		These receptors respond to changes in the position of different parts of the body, providing information about body posture and movement.



Types of Receptors

1. Pacinian Corpuscles


		
Structure: Oval bodies composed of concentric laminae. The afferent fiber penetrates to the center of the corpuscle.

		
Function: Respond to pressure and are found in baroreceptors, tendons, joints, periosteum, and subcutaneous tissues.



2. Labyrinthine Impulses


		
Location: Saccule, utricle, and other components of the vestibular apparatus.

		
Function: Maintain posture and equilibrium.



3. Visceral Receptors (Autonomic)


		
Types:




		
Pain: Non-medullated free terminals.

		
Stretch and Tension: Free terminals in hollow organs, capsules, and serous membranes (e.g., carotid sinus and aortic arch).

		
Chemoreceptors: Sensitive to chemical changes in blood, found in carotid and aortic bodies.



4. Special Senses (Telereceptors)


		
Vision: Rods and cones in the retina.

		
Hearing: Organ of Corti in the internal ear.

		
Taste: Taste buds.

		
Smell: Olfactory cells.




		Properties of Receptors




		
Differential Sensitivity: 



Each receptor is sensitive to a specific stimulus, known as the adequate stimulus, and does not respond to other types of stimuli at normal strength.


		
Relation with Strength of Stimulus: 



As the strength of the stimulus increases, the frequency of discharge rises, leading to a more intense sensation.


		
Müller’s Law of Specific Nerve Energies: 



Each receptor organ with its afferent nerve transmits only one modality of sensation. Although action potentials in all nerve fibers are similar, the sensation perceived depends on the specific part of the brain activated by the impulses.


		
Projection: 



When any part of the sensory pathway is stimulated, the conscious sensation is referred to the location of the receptor, known as the law of projection. For example, stimulation of the cortical area for impulses from the left hand results in the perception of pain in the left hand.


		
Intensity Discrimination: 



The intensity of stimuli is transmitted to the brain by variations in the frequency of action potentials generated by the receptor and the number of activated receptors. The magnitude of sensation perceived is proportional to the logarithm of the intensity of the stimulus, described by the Weber-Fechner law:

 S = K log I/I0

where S  is the intensity of sensation felt,  I  is the intensity of the stimulus,  I_0  is the threshold stimulus intensity, and  K  is a constant.


		
Recruitment: 



As the strength of stimuli increases, more sense organs are activated, leading to the recruitment of a larger number of receptors.


		
Adaptation: 



If a sensory organ is stimulated for an extended period, the frequency of discharge from that organ gradually declines despite continued stimulation. This phenomenon is known as adaptation. There are slowly adapting receptors (e.g., muscle spindles) that show a gradual decline in discharge frequency, and rapidly adapting receptors (e.g., hair receptors of the skin or Pacinian corpuscles) that quickly cease firing despite constant stimulation.


		
Inhibition: 



Efferent inhibitory axons may impinge on the dendrites of receptors. When these inhibitory axons are stimulated, they inhibit the discharges of the receptors they innervate. This process is known as inhibition, where the inhibitory axons terminate close to the stretch-sensitive dendrites of the receptor. Excitation of the inhibitory axons can halt the firing of receptors due to constant stretch.

Mechanism of Development of Receptor Potential

Pacinian corpuscles are commonly used to study receptor potential due to their size and anatomical configuration. When pressure is applied to a Pacinian corpuscle, it compresses and deforms the center core fiber, leading to the opening of mechanically gated sodium channels. The influx of sodium ions causes a mild depolarization, resulting in the generation of receptor potential.

Generation of Action Potential in the Nerve Fiber

The receptor potential creates a local circuit of current flow that spreads along the unmyelinated part of the nerve fiber within the corpuscle. When this local circuit reaches the first node of Ranvier, it opens voltage-gated sodium channels, allowing sodium ions to enter the nerve fiber and generating an action potential.

Law of Projection:


		When a sensory pathway from a receptor to the cerebral cortex is stimulated at any point along its course, the sensation caused by the stimulus is always felt at the location of the receptor, regardless of the site stimulated. This phenomenon is known as the law of projection.

		
Examples:




		Stimulation of the somesthetic area in the right cerebral cortex, which receives sensations from the left hand, results in sensations felt in the left hand, not in the head.

		Phantom limb pain experienced by amputated patients is a classic example of the law of projection, where sensations are perceived in a non-existent limb.




		Sensory Receptors



Sensory receptors are specialized structures that can be stimulated by environmental changes or changes within the body. They can be defined as terminal afferent endings that undergo depolarization in response to specific types of physical stimuli. Sensory receptors transform different types of energy into nerve impulses that travel through sensory nerve fibers toward the central nervous system.

Characteristics of Sensory Receptors


		They are generally specific, with each type carrying one kind of sensory impulse (e.g., touch, heat, cold).

		They are also known as peripheral analyzers, as sensation occurs only when the impulses carried through sensory nerves are decoded and analyzed.



Classification of Sensory Receptors

Sensory receptors can be classified in three ways:


		
Morphological Entity: Based on their structure.

		
Properties of External Stimuli: Based on the type of stimuli they respond to.

		
Functions: Based on the specific functions they serve.



Broadly, sensory receptors can be classified into two categories:


		
General Sensory Receptors: Subserving cutaneous, deep, and visceral sensations.

		
Special Sensory Receptors: Subserving specific functions such as hearing, vision, taste, and smell.



Initiation of Impulse in Sensory Receptors

Generator Potential and Action Potential


		When a receptor is stimulated, electrical activity originating at the nerve endings can be recorded. The initial electrical activity, which is stationary, non-propagated, and graded, is called generator potential or receptor potential.

		The generator potential is localized and does not propagate actively over the rest of the sensory nerve fiber. It has no refractory period and is not affected by local anesthetics like procaine.



Differences Between Generator Potential and Action Potential


		
Generator Potential:




		Non-propagated, graded, and does not follow the all-or-none law.

		Developed in response to a stimulus and can vary in magnitude.




		
Action Potential:




		Propagating and follows the all-or-none law.

		Generated only when the generator potential reaches a threshold level due to graded activity.

		Typically occurs when the magnitude of the generator potential reaches about 10 mV.



If the intensity of the stimulus increases, the generator potential also increases, leading to a higher frequency of action potentials. The frequency of action potentials is proportional to the magnitude of the applied stimuli.

Source of Generator Potential

The study of generator potential has been notably successful in the eye of the horseshoe crab and in certain vertebrate mechanoreceptors, such as the frog's spindle and the Pacinian corpuscle of the cat. The Pacinian corpuscle is particularly well-studied due to its relatively large size, allowing for isolation, microelectrode studies, and micro-dissection.


		
Structure of Pacinian Corpuscles:




		These corpuscles are surrounded by concentric lamellae of connective tissue and consist of straight, unmyelinated endings of sensory nerve fibers approximately 2 µm in diameter. The myelin sheath of the sensory nerve begins inside the corpuscle.




		
Generator Potential Initiation:




		Micro-dissection techniques have shown that even after the removal of the connective tissue lamellae, the initiation of generator potential and subsequent action potential can still occur.




		
Inner Core Removal:




		Removal of bits from the inner core of the corpuscle does not affect the initiation of generator potential or the subsequent action potential.




		
Degeneration of Nerve Terminal:




		If the unmyelinated nerve terminal degenerates following the sectioning of the sensory nerve several days prior, no generator potential is developed. This indicates that the generator potential is developed in the unmyelinated nerve terminal rather than in the elements of the corpuscle, as most of the latter can be removed without affecting the development of generator potential.




		
Local Nature of Generator Potential:




		The generator potential is localized to the nerve terminal and results from processes occurring there, while the conducted action potential is set up in the membrane of the first node of Ranvier. The generator potential is a depolarization of the sensory nerve endings, which, if it reaches a certain magnitude, can stimulate the sensory nerve fiber itself. There is a direct relationship between the magnitude of the generator potential and the frequency of action potentials.



Mechanism of Initiation of Generator Potential

The biophysical principles underlying the initiation of generator potential are not fully understood. However, it is known that stimulation of the receptor increases Na$^+$ conductance, leading to an inward rush of Na$^+$ through the membrane of the unmyelinated terminal. This influx of Na$^+$ causes the development of generator potential. The magnitude of the permeability change is proportional to the intensity of the stimulus.


		
Na Depletion: Depletion of Na diminishes the generator potential in Pacinian corpuscles. Perfusion with Na-free solutions, isotonic with choline chloride or sucrose, does not abolish the generator potential but reduces it to about 10% of the control value. This indicates that the generator potential is initiated by permeability to Na and possibly other ions.



Sequence of Events


		
Stimulus Induction: A stimulus induces a local change in the permeability of Na ions and possibly other ions, producing local depolarization.

		
Generator Potential Development: This local change progresses into a generator potential after reaching the threshold level, leading to the generation of an action potential (which is all-or-none and propagated).




		Proprioceptors



Proprioceptors are specialized sensory receptors that detect and respond to movement and changes in the position of different parts of the body. They are also referred to as kinesthetic receptors and play a crucial role in maintaining posture and equilibrium.

Location

Proprioceptors are located in various structures throughout the body, including:


		Labyrinth (inner ear)

		Muscles

		Tendons

		Joints

		Ligaments

		Fascia



Different Types of Proprioceptors


		Muscle Spindle

		Golgi Tendon Organ

		Pacinian Corpuscle

		Free Nerve Ending

		Proprioceptors in the Labyrinth






		Nerve Endings



Nerve endings are the terminal bodies where nerve fibers terminate in the periphery. They play a crucial role in transmitting signals between the nervous system and the rest of the body.

Histology of Nerve Endings

Histologically, nerve endings can be classified into two fundamental types:


		
Free Terminals:




		In this type, the nerve fibers end as naked twigs of the axis cylinder without any special covering.




		
Connective Tissue Body:




		In this type, the nerve fiber ends inside a specialized connective tissue body. All such bodies share a common histological plan, characterized by:




		A capsule made up of layers of connective tissues.

		A core of soft cellular material inside the capsule.

		The naked axis cylinder terminating in the core, either as a single process or through various forms of arborization.

		The myelin sheath blends with the lamellated connective tissue body, and the axis cylinder ends as a naked process, similar to its initial state.



The complexity of the capsule and the mode of termination of the axis cylinder differentiate the various end organs with connective tissue bodies.

Functions of Nerve Endings

Functionally, nerve endings can be categorized into two types:


		
Motor Endings:




		These transmit motor impulses to muscles. Acetylcholine is released at the endings, initiating chemical changes that lead to muscle contraction.




		
Somatic Motor Endings: With special connective tissue bodies (motor end-plates) in voluntary muscles.

		
Autonomic Motor Endings: Free nerve terminals supplying smooth and cardiac muscles, blood vessels, and glands.




		
Sensory Endings:




		These receive afferent sensations and are also known as sensory receptors.



Classification and Varieties of Nerve Endings

Nerve endings can be classified based on their structure, function, and the types of stimuli they respond to. Below is an overview of the different types of nerve endings, including their classifications and specific examples.

Types of Nerve Fibers Supplying Muscle

1. Primary Afferent Fibers (Group Ia)


		
Diameter: 12-20 µm

		
Conduction Velocity: 70-120 m/s

		
Function: These fibers end in the nuclear-bag region of the muscle spindle. The myelin sheath winds around the muscle fibers, forming a spiral ending before terminating in the intrafusal fibers.



2. Secondary Afferent Fibers (Group II)


		
Diameter: 4-12 µm

		
Conduction Velocity: 30-70 m/s

		
Function: These fibers enter the spindle and form a small ring that coils or sprays like varicosities on either side of the nuclear-bag region. These endings are known as secondary flower-spray endings.



3. Fusimotor Fibers (Gamma Efferent Fibers)


		
Diameter: 3-7 µm

		
Function: These fibers enter each spindle and end at the motor end-plates of the tapering polar regions (contractile and striated ends) of the intrafusal fibers. The extrafusal fibers are supplied by alpha motor fibers. Afferent fibers from the muscle spindle enter the spinal cord and synapse in the alpha motor neuron, forming a monosynaptic path that acts as a stretch or myotactic reflex.



Golgi Tendon Organ


		
Location: Found in tendons and tendinous bands within muscles.

		
Function: Receives myelinated Group Ib fibers with a diameter of 12-20 µm and a conduction velocity of 70-120 m/s. Both muscle receptors are stimulated by stretch, but the threshold for stimulus is higher for Golgi tendon organs than for muscle spindles. The muscle spindle is stimulated by slight stretch or contraction of the intrafusal fibers due to gamma motor activity.



Mechanism of Stretch Reflex


		
Afferent Nerve Fibers: The stretch reflex involves at least three types of afferent nerve fibers:




		
Primary Spindle Afferent (Group Ia): Transmits impulses rapidly.

		
Secondary Spindle Afferent (Group II): Transmits impulses more slowly.

		
Golgi Afferent (Group Ib): Produces autogenetic inhibition at high tension.




		
Central Connections: The connections between incoming afferents and the motor neuron pool may be direct (monosynaptic excitatory) or via interneurons. Descending impulses can modify the excitatory activity of these interneurons.

		
Motor Output: The motor output consists of:




		
Gamma Outflow: To intrafusal muscle fibers, modifying the sensitivity of spindle afferents to stretch.

		
Alpha Motor Neuron Output: The final common path for contraction of extrafusal muscle fibers.




		
Convergence of Reflex Pathways: Other reflex pathways, including cutaneous sensations and pain, may converge on the large alpha motor neurons and modify the stretch reflex.
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				Nerve Endings: Structure, Location, and Function

		

		
				Sensory Nerve Endings

		

		
				Name

				Histology

				Location (Distribution)

				Function

		

		
				1. Tactile corpuscles (Meissner’s)

				Ellipsoidal, lamellated body with a soft core; complex axon endings

				Dermal papillae of skin (especially palms, soles, fingertips)

				Fine touch, low-frequency vibration

		

		
				2. Pacinian corpuscles

				Large, onion-like lamellated oval structure; central naked axon

				Deep dermis, joints, tendons, periosteum, pancreas, mesentery

				Deep pressure, vibration, stretch, proprioception

		

		
				3. End bulbs of Krause

				Spherical capsule, axon ends in a network (basket-like); cylindrical in animals

				Conjunctiva, tongue, lips, genitalia (genital corpuscles), near joints (articular corpuscles)

				Cold sensation (thermoreception)

		

		
				4. End organs of Ruffini

				Long, thin capsule with collagen fibers; axon ends in flattened expansions

				Skin, fingers, subcutaneous tissue

				Heat sensation, sustained pressure, proprioception

		

		
				5. Golgi-Mazzoni corpuscles

				Oval or spherical capsule; axon ends in flat arborizations

				Subcutaneous tissue, tendons, fascial sheaths

				Pressure, proprioception

		

		
				6. Free nerve endings

				Bare nerve endings; form superficial and deep plexuses

				Widely distributed: skin, cornea, muscle, tendons, joints, viscera

				Pain (nociception), temperature, crude touch

		

		
				7. Golgi tendon organ

				Flattened capsule in tendons; axon forms varicose arborizations

				Near muscle-tendon junctions

				Proprioception: tension, stretch, inhibition of excessive contraction

		

		
				Motor Nerve Endings

		

		
				Name

				Histology

				Location

				Function

		

		
				1. Motor end-plate (neuromuscular junction)

				Axon expands into a "sole foot" containing mitochondria and acetylcholine vesicles; forms synaptic cleft with sarcolemma (synaptic gutter)

				Voluntary (skeletal) muscle fibers

				Transmits motor impulses; releases acetylcholine to initiate muscle contraction

		

		
				2. Autonomic free nerve terminals

				Naked axons; form plexuses; terminals have knob-like expansions

				Involuntary smooth muscles, cardiac muscles, glands

				Parasympathetic: acetylcholine (preganglionic & postganglionic)
Sympathetic: acetylcholine (preganglionic), norepinephrine (postganglionic)

		

		
				
Notes:


		
Meissner's corpuscles adapt quickly – best suited for detecting light touch and texture.

		
Pacinian corpuscles adapt rapidly – respond to vibrations and deep pressure.

		
Ruffini endings adapt slowly – important for detecting skin stretch and joint position.

		
Free nerve endings are polymodal – can respond to mechanical, thermal, or chemical stimuli.
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