ation on dental books, visit our website www.jaypeebrothers.com, for detailed information on dental books, visit our website www.jaypeebrothers.co

Textbook of

PHYSIOLOGY
for DENTAL Students

N Geetha



Section 1: Cell Physiology 5.

1.

Cell and Transport Across Cell Membrane 3

0,
o

0,
o

PartsofaCell 3
Plasma Membrane or Cell Membrane 4

Cytoplasm 5

X3

Nerve Physiology

0,
o

0,
o
o,
o

e

D

. Skeletal Muscle Physiology

Cardiac Muscle

0,
o
o,
o

o

(ytosol 5

Cell Organelles 6

Nucleus 9

Cell Division 70

Somatic Cell Division 70

Reproductive Cell Division or Meiosis Level 72
Transport Processes Across Cell Membrane 75
(ytoplasm 20

Nucleus 27

Homeostasis 27

Neuron 23

(lassification of Neurons 23
Morphology of a Typical Neuron
Membrane Potentials 26
Excitability 37

Conduction of Nerve Impulse or Propagation of Action
Potential 32

(lassification of Nerve Fibers 33

Factors Influencing the Velocity of Conductionin a
Nerve Fiber 34

Peripheral Nerve Injury 34

Response of Neurons to Injury 34

Injury tothe Axon 34

24

Skeletal Muscle 37
Motor Unit 42
Electromyography 43
Muscle Fatigue 44
Causes of Fatigue 44

Neuromuscular Junction or Myoneural Junction 44
48

Structure of Cardiac Muscle 48
Electrical Activity of Cardiac Muscle 48

% Properties of Cardiac Muscle 57

Smooth Muscle

53

Functional Anatomy 53

Neuromuscular Junction in Smooth Muscle 54
Mechanism of Smooth Muscle Contraction 54
Similarities Between Cardiac and Visceral Smooth
Muscle 55

Section 2: Hematology

6.

Body Fluid Compartments and Blood

3
”Q
2
”Q
K3
”Q
o,

X3

0,

Red Blood Corpuscles or Erythrocytes

3
”Q
2
”Q

K3
”Q

o
o
‘:
o
o3
4
o
o
o3
o
o3
o3
o

White Blood Corpuscles or Leukocytes

3
”Q

2
”Q

» Erythropoietin

59

Distribution of Body Fluids 60
Body Electrolytes 60
Blood 67

Plasma 62
66

Morphology of Mature Red Blood Corpuscles 66
Packed Cell Volume or Hematocrit Value 67
Special Properties of Erythrocytes 68

Red Blood Cell Count 77

Hemoglobin 72

» Destruction of Red Blood Corpuscles 74

Hemopoiesis 75
Erythropoiesis 76

79
Vitamin B,, or Cyanocobalamin
Anemia 87

Iron Deficiency Anemia 82
Pernicious Anemia 83
Folic Acid Deficiency ~ 84
Sickle Cell Anemia 84
Blood Volume 85

80

89
Properties of Leukocytes 92

Functions of Leukocytes 93

Reticuloendothelial System or Tissue Macrophage
System 94

Variations in White Blood Cell Count 95

Leukemia 95
Leukopoiesis 96
Immunity 97
Immunological Memory
Immunological Disorders

103
104



° Contents

9. Platelet 106 «% Arterial Pulse 173
< Structure of Platelet 706 ~f~ Volume Changes During Cardiac Cycle 775
+% Variations in Platelet Count 707 “ HeartSounds 175
+%* Properties of Platelets 707 16. Heart Rate and Cardiac Output 179
’f’ Functions of Platelet 7109 «% Neural Regulation of Heart Rate 780
% Thrombopoiesis 770 , < Afferents to the Cardiac Centers 783
« Abnormalities of Platelet Function 770 2 Chemical Regulation of Heart Rate 186
10. Hemostasis 112 «%» (ardiac Output 787
< Clotting Factors 173 +* Heterometric Regulation of Stroke Volume 789
#% (Clot Retraction 175 17. Arterial Blood Pressure 194
« Anticoagulants 717 % Definition 794
’f’ Bleeding Disorders 778 +% Measurement of Arterial Blood Pressure 794
“ Hemophilia 779 +% Variations in Blood Pressure 795
11. Tissue Fluid and Lymph 125 <+ Hypertension 796
< TissueFluid 125  Hypotension 196
< Lymph 126 °:~ Determllnants of Arterial Blood Pressure 796
% Edema 128 +* Regulation of Blood Pressure 798
+* Regulation of Peripheral Resistance 798
12. Blood Groups 131 % Circulatory Shock 202
+ ABO Blood Group System 137 +% Treatment of Shock 204
% RhSystem 134 + Capillary Circulation 207
% Blood Transfusion 735 18. Circulation through Special Regions 207
« Complications of Blood Transfusion 136 < Caillary Circulati 207
« Hemolytic Disease of Newborn or Erythroblastosis . apillary Uirculation

«+ (utaneous Circulation 209
«¢ Coronary Circulation 2170
< Cerebral Circulation 276

Section 3: Cardiovascular System % Hepatic Portal Circulation ~ 217
19. Cardiovascular Adjustments in Exercise 223

Fetalis 137

13. Functional Anatomy of Heart 143

«* Functional Anatomy of the Heart 743

% Musculature of Heart 745

+» Specialized Excitatory and Conduction System of 20
Heart 747

+* Properties of Cardiac Muscle ~ 749

14. Recording of Electrical Activity of Heart 153

Section 4: Respiratory System

. Structure and Functions
of the Respiratory System 229

+* Functions of the Respiratory Tract 229
+%* Functional Anatomy of the Respiratory System 237

«¢ Electrocardiography 753 % Pleura 233

% Hedrocardiograph 153 21. Mechanics of Breathing 236

« Electrocardiogram 756 o

« Normal Pattern of ECG 757 - MUSCIGS‘OfRESP'rat"O“_ 237

% Intervalsin ECG 759 ¢+ Mechanism ofVentllatlon.ofLungs 237

% Pattern of ECG in Other Leads 760 +* Movements of the Thoracic Cage 237

% ChestLeads 760 «+ Breath Sounds 238. .

< Clinical Application of ECG 167 «¢ Pressure Changes During Respiratory Cycle 238
. % Surfactant 240

15. (Cardiac Cycle 165 < Compliance (Pressure—Volume Relationship) ~ 247

#* Phases of Cardiac Cycle 765 %+ Work of Breathing 247

«* Relation Between Electrical and Mechanical Events in + Methods of Study of Respiratory Movements 242
Cardiac Cycle 766 % LungVolumes and Capacities 243

«* Pressure Changes During Cardiac Cycle 769 «¢ Pulmonary Ventilation and Alveolar Ventilation 246

3

» JugularVenous Pulse 177 «¢ Respiratory Dead Space 247



Contents @

22,

23.

24,

25.

26.

27.

28,

29,

Pulmonary Circulation 252
«¢ Pulmonary Blood Pressure 253

+¢ Ventilation Perfusion Ratio ~ 253

Pulmonary Gas Exchange 255
+% Partial Pressure of Gases 255

+%* Mechanism of Gas Exchange 256

+ Factors Affecting Diffusion Across the Respiratory

Membrane 256

<% Diffusing Capacity of Lungs for 0,and CO, ~ 257
+% Diffusion atTissue Level ~ 258

+* Respiratory Quotient or Respiratory Exchange

Ratio 259
Transport of Gases

« Transport of Oxygen 260
+ (arbon Dioxide Transport

Regulation of Respiration

» Neural Control of Respiration 270
Chemical Regulation of Respiration 274
Abnormalities in Regulation of Respiration
Sleep Apnea 278

Sudden Infant Death Syndrome
» Hypercapnia 278

» Hypocapnia 279

Asphyxia 279

Hiccup 279

Yawning 280

Hypoxia 280

v (yanosis 282

Environmental Physiology

+ Effects of Barometric Pressure on Respiratory
System 286

Respiratory Adjustment in Exercise
291

260

265
270

e

0,
o

o,
o

277

0,
o

®,
o

278

<

03

®,
o

®,
o

°,
o

®,
o

3

286

291

< Effects of Exercise
«“ Fatigue 293

Artificial Respiration
(Respiratory Resuscitation)

o,

» Indications for Artificial Respiration
» Methods of Artificial Respiration
» (Cardiopulmonary Resuscitation
% Uses 298

Pulmonary Function Tests

< Uses 298
« Classification

295

o

295
295
296

<

<

X3

298

298

Section 5: Gastrointestinal System

30.

Organization of Gastrointestinal System 303

« Digestion 303

31.

32

33.

34,

35.

36.

37.

«¢ Functional Anatomy of Alimentary Canal 304
#* Innervation of Gut 305

+%* Electrical Responses of Smooth Muscle
+%+ Gastrointestinal Glands 308

« Gastrointestinal Blood Flow 309

307

Salivary Glands: Esophagus 310

« Functional Anatomy 377

+* Histology of Salivary Gland 377
+ Composition of Saliva 374

+%+ Functions of Saliva 376

+%* Mechanism of Secretion of Saliva
«* Regulation of Salivary Secretion

% Nature of Saliva 379

+%» Salivary Reflexes 379

+* Disturbances of Salivary Secretion
« Esophagus 327

317
318

320

Stomach 324

Functional Anatomy of Stomach 324
Functions of Stomach 325

» Histology 325

Innervation of Stomach 328

» Gastric Juice 328

Phases of Gastric Juice Secretion 333
Abnormalities of Gastric Secretory Function
% Peptic Ulcer or Acid Peptic Disease 336

Pancreas

« Composition of Pancreatic Juice ~ 343

++ Regulation of Secretion of Pancreatic Juice
+* Phases of Pancreatic Juice Secretion 345
«¢ Pancreatic Function Tests 346

Liver and Biliary System
< Bile 350

«+ Jaundice or Icterus
< Gallbladder 353

Intestine

K3
o

°,
o

<

0,
o

e

X3

%

K3
o

336

X3

342

344

348

352

357

357
360

Movements of Gastrointestinal Tract

« Small Intestine
« Large Intestine

363

3

» Mastication or Chewing 363

» Deglutition or Swallowing 364

» Gastric Movements 366

% Movements of Small Intestine 369
% Movements of Large Intestine 377

Digestion and Absorption of Food 376

» Digestion and Absorption of Carbohydrates 376

» Digestion and Absorption of Proteins and Nucleic
Acids 378

++ Digestion and Absorption of Fat

<o

e

o

K3

<o

<

379



° Contents

e

°,
o

» Absorption of Water and Electrolytes 380 Section 8: Endocrine System
Absorption of Vitamins and Minerals 387
» Gastrointestinal Hormones 382 42. General Endocrinology 439

Increti 383
feretins «+ Endocrine Glands 440
«+ Chemical Nature of Hormones 440

Section 6: Renal Physiology %+ Functions of Hormones 4417

«+ Synthesis and Storage of Hormones ~ 441

B3

K3
o

38. Functional Anatomy of Kidney 389 +% Secretion and Transport 441
< Kidney 389 *%» Metabolism of Hormones 442
< Nephron 397 ++ Mechanism of Cellular Action of Hormones 442
< Juxtaglomerular Apparatus 393 «* Activation of Genetic Mechanism 443
< Blood Supply of Kidney ~ 393 +% Regulation of Secretion of Hormones 443
+% Measurement of Renal Blood Flow ~ 394 +% Neural Control of Endocrine Glands 444
+% Regulation of Renal Blood Flow 395 < Radioimmunoassay 444
39. Mechanism of Formation of Urine 399 43. Pituitary Gland 447
< Glomerular Filtration 399 +%+ Hormones of the Pituitary Gland ~ 449
< Glomerular Filtration Rate 400 < Anterior Pituitary 430
«% Measurement of GFR 407 < Growth Hormone 450
< Regulation of GFR 407 +* Regulation of Growth Hormone Secretion 452
<% Renal Tubular Functions 402 < Before Puberty 453
< Tubular Secretion 409 < After Puberty 454
« Concentration and Dilution of Urine 470 <%+ Hyposecretion of Growth Hormone 456
< Acidification of Urine 413 «% Before Puberty 456
« Normal Composition of Urine 474 <% Prolactin - 457
« Abnormalities of Renal Function ~ 474 < Intermediate Lobe of Pituitary 458
<% Dialysis 475 +* Sheehan Syndrome 459
+%» Renal Transplantation ~ 476 + Hypothalamic Control of the Anterior Pituitary ~ 459
. «¢ Posterior Pituitary 460
40. Lower Urinary Tract 413 + Vasopressin or Antidiuretic Hormone 460
» IMnnervation of the Bladder 478 < Oxytocin 467
% Micturition 479 .
+% Abnormalities of Bladder Function 420 4. Thyroid Gland 465
< (ystometry 421 +¢ Hormones of Thyroid Gland 466
«¢ Diuresis and Diuretics 427 %+ Actions of Thyroid Hormones T, and T, 468
+* Renal FunctionTests 422 + Control of Thyroid Secretion 470
+ Abnormal Constituents of Urine 423 « Thyroid FunctionTests 477

« Diseases of Thyroid Gland 472
«¢ Thyroid FunctionTests 475

Section 7: Skin and Temperature

45. Calcium Metabolism 471
Regulation < Bone Physiology 477
. . «+ Deposition and Resorption of Bone 477
41. Skin and Temperature Regulation 429 < (alcium Homeostasis 478
«¢ Structure of Skin 429 « Body Calcium 479
« Functions of Skin 430 + Parathyroid Glands 479
« Temperature Requlation 437 ¢ Rickets 482
¢ Thermoregulation 437 «¢ Other Hormones Involved in Calcium

3

» Disorders of Temperature Regulation 433 Homeostasis 483



Contents °

46.

47.

Section 9: Reproductive System

48.

49.

50.

51.

Adrenal Gland

% Hormones of Adrenal Cortex
% Glucocorticoids 488

» Mineralocorticoids 493
Adrenal Androgens and Estrogens
» Hypofunctioning of Adrenal Cortex
» Adrenal Medulla 496

Endocrine Pancreas and
Other Endocrine Organs

% Functional Anatomy 502

» Insulin 502

» Abnormalities of Insulin Secretion
Glucagon 509
Somatostatin 509

» Pancreatic Polypeptide
Other Endocrine Organs
Thymus 577
Endocrine Function of Kidney ~ 577
» Hormone Produced by Heart 5712

o

488

o

B3

0,
o

495
496

B3

B3

0,

B3

B3

506

o,
o

®,
Exe

B3

509
510

0,
o

®,
o

®,
o

e

Introduction

% Sexual Developmentin Embryo 520
» Abnormalities in Sexual Differentiation
» Abnormalities of Pubertal Onset 526
» Delayed or Absent Puberty 527

Male Reproductive System

< Structure of Testis 537
¢ Spermatogenesis 532
«+ Endocrine Function of Testis

0,

B3

B3

e

535
Female Reproductive System

» Ovaries 543

» Secondary Sexual Organs in Female

» Qogenesis 544

Female Reproductive Cycle 545

» Endocrine Function of Ovary 549
Hormonal Control of Ovarian Function
Abnormalities of Menstruation 553
» Tests of Ovulation 553

Puberty 554

% Menopause 554

Pregnancy and Lactation

«¢ Fertilization and Implantation
+* Functions of Placenta 559

B3

03

543

e

®,
o

<

0,
o

552

°,
o

03

K3
o

X3

558

523

487

502

519

530

542

558

o

RS

o

D

o,
o

Pregnancy Tests

o,
o

0,
o

.
o

52. Contraception and Infertility

Section 10: Nervous System

53. Organization of the Nervous System

o3

54, Physiology of Nervous System

55. Sensory Division of Nervous System

Human Chorionic Gonadotropin 567

Human Chorionic Somatomammotropin or Human
Placental Lactogen 567

Relaxin 567

562

Immunological Test of Pregnancy or Gravindex
Test 562
Parturition or Labor
Lactation 564

562

569

Female Contraceptive Methods 569
Temporary Methods 569
Permanent Method 577
Male Contraception 572
Postconceptional Contraception

Infertility 573

572

577

Functions of Nervous System 577
Organization of Nervous System 578
Centers of Nervous System 578
Functional Anatomy of the Brain 579
Structure of Central Nervous System 580
Structure of Spinal Cord 587

Cranial Nerves 584

Synapse 589

589

Synapse 589
Excitatory Postsynaptic Potential and Inhibitory
Postsynaptic Potential ~ 595

Reflex Action 596

Monosynaptic Reflex or Stretch Reflex or Myotatic
Reflex 597

Bisynaptic Reflex 599

Inverse Stretch Reflex
Polysynaptic Reflex
Conditioned Reflex

600
601
601

605

Sensory Receptors 605

Sensory Unit 607

Muller’s Doctrine of Specific Nerve Energies
Law of Projection 608

Sensory Pathways 608

Dorsal Column Pathway

607

608



@ Contents

«% Spinothalamic Pathway 609 62. Autonomic Nervous System 666
« Ascending Tracts of Spinal Cord 670 +%+ General Organization of Autonomic Nervous
« Sensory Cortical Area 672 System 666
«¢ Sensory Association Area 673 <% Sympathetic Nervous System 667
< SenseofTouch 613 <% Parasympathetic Nervous System ~ 668
<% Temperature 674 «% Sympathetic and ParasympatheticTone ~ 668
«¢ Kinesthetic Sensation or Proprioception ~ 676 < Transmission at the Autonomic Ganglia 669
‘ ;mts?;t(:;ji?;?m 628 63. Cerebrospinal Fluid 672
< DeepPain 619 +¢ Ventricles of Brain 672
% Visceral Pain 621 «¢ Cerebrospinal Fluid 673
«% Pain Control at the Spinal Level “ Blood-brain Barrier 675
(Gate-control Theory of Pain Perception) 623 * Blood-CSF Barrier 676
56. Thalamus 626 - _
+ Anatomical Classification of Thalamic Nuclei ~ 627 SECtIOﬂ 11: SPEUal Senses
+* Physiological Classification of Thalamic Nuclei ~ 627 .
« Functions of Thalamus 627 64. Vision 681
«¢ Lesions of Thalamus 628 «¢ Functional Anatomy of Eyeball 687
57. Motor Division of Nervous System Physical 0pt|§s 684
and Lesions of Spinal Cord 630  Accommodation 685
+%* Errors of Refraction 687
« Somatic Nervous System 630 < (ataract 688
% MuscleTone 637 < Visual Acuity ~ 688
<%+ Voluntary Motor Activity ~ 637 +%+ Field of Vision or Visual Field ~ 689
% Motor Areas of Brain 633 % Retina 689
« Pyramidal Tract 633 «¢ Visual Pathway 693
+ Extrapyramidal Tracts 634 +* Pupillary Reflexes 694
«* Applied Physiology ~ 635 % ColorVision 695
«¢ Bell’s Palsy or Lower Motor Neuron +% Tests for Color Vision 696
Facial Palsy 637 65. Audition 700
Lesions of Spinal Cord 637 .
+» Complete Section of Spinal Cord 637 ':' 5°“"‘?' 700
+ Incomplete Section of Spinal Cord 638 “ Functlor}al Anatomyofthe Ear 701
. +* Mechanism of Hearing 705
58. Basal Ganglia 643 < Auditory Pathway 706
+% Functional Anatomy 643 % Applied Aspects 707
* Functions of Basal Ganglia 644 66. Gustation or Taste Sensation 2
«¢ Parkinson’s Disease 644 & TasteBuds 712
59. Cerebellum 647 % Taste Pathway 713
« Functional Anatomy ~ 647 «¢ BasicTaste Modalities or Primary Taste
<% Functions of Cerebellum 648 Sensation;l 714
. «¢ Factors Influencing Taste Sensation 775
60. (er:bral(or”telxand Ves:lbulafrcApI:)arla(t:us 665; +» Abnormalities of Taste Sensation ~ 775
+%+ Functionally Important Areas of Cerebral Cortex .
+ Vestibular Apparatus 655 67.  Olfaction ni
+% Semicircular Canals 655 ’f’ (T)l;:OIfactoryhApparatus 717
61. Hypothalamus and Limbic System 660 ' Vag;:gr{sﬁitﬂfsyensggSmeII 719
«¢ Hypothalamus 660
% LimbicSystem 663 Index 721



CHAPTER

Nerve Physiology

GEARNING OBJECTIVE'S /55000 S s S

Describe the structure of a neuron with the help of a diagram:

Know the classification of neurons.

Describe the ionic basis of resting membrane potential.

Define action potential. Explain the ionic basis of action potential in a nerve fiber.
Mechanism of conduction of nerve impulse in myelinated and unmyelinated nerve fibers.

* 6 & o o

M NEURON

Neuron is the structural and functional unit of nervous system. The specialized function
of neuron is integration and transmission of nerve impulses.

Human central nervous system consists of about 10* neurons and 10-50 times more
number of glial cells or supporting cells. A neuron contains a cell body and processes. The
processes are axon and dendrites: Some neurons are <1 mm in length while some are the
longest cells in the body, measuring about 1 meter in length.

B CLASSIFICATION OF NEURONS
Structural Classification

This is based on the number of processes extending from the cell body. Neurons are
classified into unipolar, bipolar, multipolar and anaxonic neuron (Fig. 2.1).
All neurons contain only one

Dendrite
axon, but dendrites may be one
or many Dendrites
) Peripheral process

: to receptor
Unipolar Neuron Axon (<o} Cell body

. Cell bod
Unipolar neurons are seen only S hoey
in the embryonic life of human Central process

Axon
beings Cell body
8S- . -1 Wi Axon terminals
Dorsal root ganglion cell Unipolar Bipolar Pseudounipolar

of spinal cord is referred to as neuron neuron neuron

pseudounipolar since only one Fig. 2.1: Types of neurons based on structure.
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process arises from the cell body which divides to form two processes one going to the
periphery (receptor) bringing sensory information from the receptor, and the other entering
the spinal cord.

Bipolar Neurons

Here dendrite arises from one pole and axon arises from the opposite pole, e.g., olfactory
cells, auditory cells, bipolar neurons of retina etc.

Multipolar Neurons

In multipolar neurons, axon and dendrites arise from different points of the cell body.
Example is anterior horn cell of spinal cord.

Anaxonic Neuron

Sometimes axon may be absent in the neuron, e.g., amacrine cells of retina.

& Y/ Dendrite
Functional Classification g\j(j
Nissl S— Nucleus

Sensory or Afferent Neuron granules —
. . Initial
They transmit sensory impulses from receptors to segment

central nervous system.

Axon hillock
T Schwann cell

Axon
Node of Ranvier

Motor or Efferent Neurons .
Myelin sheath

They convey motor nerve impulses from central
nervous system to the effectors.

. . Axon terminals
Association Neurons or Interneurons

|
This group includes all other neurons that are not SR
specifically sensory or motor. 90% of neurons are knobs
association neurons. Fig. 2.2: Structure of a motor neuron

(multipolar neuron).

B MORPHOLOGY OF ATYPICAL NEURON

Anterior horn cell is considered as a typical neuron (Fig. 2.2)

Nerve Cell Body or Soma

It contains the following structures: nucleus, Nissl granules and all cell organelles except
centrosome. Since there is no centrosome in the neuron, regeneration of the cell body is not
possible and formation of new neurons stops in the intrauterine life.

Nucleus

Nucleus occupies the central part of soma and usually contains one nucleolus.

Nissl Granules or Nissl Bodies

They are present all over the cell body except axon hillock. They are organelles containing
ribosomes. The number and size of Nissl granules depend on the functional state of the
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cell. When the cell is highly active or injured or fatigued, disintegration of Nissl granules
occurs called chromatolysis. The function of Nissl granules is to synthesize the proteins
necessary for the neuron.

Mitochondria

Mitochondria are present in the cell body as well as in the axon in plenty. They supply
energy for the cell.

The cell body is present only in the following areas of the nervous system:
< Gray matter of brain and spinal cord

< Nuclei of brain

< Ganglia of peripheral nervous system.

Processes of the Neuron

The nerve cell processes are dendrites and axon. Dendrites bring information towards
the cell body and hence sensory in function. Axon takes away information from the cell
body and hence motor in function. Nerve fiber is a general term for any neuronal process,
i.e., dendrite or axon. A nerve is a bundle of many nerve fibers in the peripheral nervous
system. A tract is a bundle of nerve fibers in the central nervous system, e.g., pyramidal tract.

Axon

The portion of the cell body from which axon arises is slightly thickened and is called
axon hillock. The first portion of the axon is called initial segment. The axon divides into
terminal branches, each ending in a number of synaptic knobs or terminal buttons. These
knobs contain vesicles in which the synaptic transmitters secreted by nerves are stored.

Distal to the initial segmentin most neurons, axon is covered by myelin sheath, a protein
lipid complex made up of many layers of cell membrane of Schwann cells. These fibers
are called myelinated fibers. Schwann cells are glial cells found along peripheral nerves.
The myelin sheath is absent at the nodes of Ranvier. These are gaps in between Schwann
cells that are about 1 mm apart. All mammalian neurons are not myelinated. Nerve fibers
<1 mm in diameter are unmyelinated. In the central nervous system myelination is done
by oligodendrocytes.

Functions of Myelin

% Form insulation for axon
< Helps in the conduction of impulses at a faster rate
% Helps in regeneration of nerve fiber after injury

Properties of Nerve Fibers

< Excitability denotes the ease with which an action potential can be produced in the
nerve.

< Conductivity is the self-propagating process in a nerve by which an action potential is
actively conducted along the nerve at a constant amplitude and velocity along the axon
to the nerve terminal.
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B MEMBRANE POTENTIALS .
Most animal cells maintain an electrical potential -

difference (voltage) across their cell membrane.

There are three types of membrane potentials: Ve = = = — = — =
1. Resting membrane potential (RMP) ICF
2. Graded potential il

3. Action potential (AP) TR 4 M
' Fig.2.3: Membrane potential in a polarized

cell.

ReStmg Membrane Potential (ECF: extracellular fluid, ICF:intracellular fluid)

Resting membrane potential is defined as the potential difference existing just across the cell
membrane in the resting state of the cell with the interior of the cell negative and the outside
positive. It is always denoted by a minus sign signifying that the inside is negative relative
to the outside. A cell that exhibits a membrane potential is said to be polarized (Fig. 2.3).

The magnitude of RMP varies from tissue to tissue ranging from -9 to -100 mV. RMP of
nerve fiber is -70 mV.

Recording of Resting Membrane Potential

Monophasic method alone can measure RMP. Tt is recorded with one electrode inside and
another outside the cell membrane connected to a cathode ray oscilloscope (recording
device).

lonic Basis of Resting Membrane Potential or Genesis of RMP or production of RMP

Two factors are responsible for the production of RMP:
1. Diffusion of ions acrossthe cell membrane

2. Electrogenic pump TABLE 2.1: Distribution of ions across the cell membrane
at rest.
Diffusion of Jons (lon | ICF (mmol/L of H,0) | ECF (mmol/L of H,0)
. Na* 15 150
This depends on two factors: m == e
1. Differential concentration of ions i
cr 9 125
across the cell membrane
Ca* 0.0001 1.2

2. Differential permeability of ions

The composition of the major ions
in the intracellular and the extracellular fluid are entirely different (Table 2.1).

Initially there is no potential difference across the cell membrane. K* has aleak channel
and has high permeability and mobility through the membrane. The permeability of plasma
membrane to K*is 50-100 times more than to sodium. So, K* moves from inside to outside
according to the concentration gradient. This process is called efflux of potassium. This
efflux of K* upsets the electrical equilibrium both inside and outside the membrane. There
are two ways in which this can be prevented:

1. An anion should come along with K* to the outside
2. A cation should come from outside to inside of the membrane.

Na* cannot come to the inside because the channel is closed in the resting state of the
cell. Ca* channel is also closed from outside in the resting state. So Na* comes and lines
the outside of the membrane.

Protein anion 65 —
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Inside the cell, the anions are Cl- and protein anion (A-). Chloride ions have to move
against a concentration gradient. Protein anions cannot go out because they are very large.
So the protein anions come and stay close to the inside of the cell membrane, with the
cation just outside the membrane, thus creating a charge difference across the membrane
called resting membrane potential.

Role of Electrogenic Pump or Na*—K* ATPase

Na* pump is said to be electrogenic because it contributes to the negativity of RMP
by pumping out three Na* in exchange for only two K*, thus contributing to the charge
difference.

Measurement of Resting Membrane Potential
Monophasic method alone can measure RMP.

There are three components for measuring RMP:
1. Electrode
2. Amplifier
3. Recording device

Two electrodes are necessary. The electrode introduced into the interior of the cell is
called ultra microelectrode. It has a tip diameter of 0.25 pm. The other electrode is placed
outside the cell membrane. The two electrodes are connected to a biological amplifier or
differential amplifier which amplifies biological signals alone and unwanted signals will
be rejected.

Recording Device

The recording device used is cathode ray oscilloscope (CRO). This device can convert
electrical signals into visible record (Fig. 2.4).

CRO consists of a special type of tube with a narrow end and a broad end, and inside of
the tube is vacuum. At the narrow end is a cathode. In front of the cathode are two anodes.
Cathode and anode are connected to a power supply. When high voltage is applied, cathode
is heated and emits electrons. The principle is thermionic emission. Electrons emitted are
collimated, focused and brought
to a narrow beam by anode. This
beam is accelerated towards the
fluorescent screen at the broad Cathode
end of the tube by accelerating
anode placed behind the screen.
When electrons strike the screen
it is seen as a visible spot of light
on the screen. The intensity of
the spot of light can be varied by

Electron beam
Y-plate X-plate

Screen

— Sweep
generator

. . — Amplifi
means of a control grid placed in Electrodes s
front of the cathode.
As the beam moves forwards Nerve

there is a set of X plates one on Fig. 2.4: Cathode ray oscilloscope.
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either side of the beam. These plates are connected to a sweep generator which produces
asaw-toothed voltage. The plates are made alternatively positive so that the beam sweeps
in the horizontal direction across the screen.

In front of X plates, there are two Y plates placed above and below the electron beam and
this is connected to the amplifier. The amplifier is connected to the electrodes on the nerve
fiber. If the upper plate is positive, the beam moves in the upward direction and vice versa.
Any changes in the potential occurring in the nerve are recorded as vertical deflections of
the beam as it moves across the tube.

The screen is graduated in the X-axis and Y-axis. X-axis represents time and Y-axis
amplitude of the signal. When the two electrodes are outside the cell membrane there is
no deflection and the beam moves only in the
horizontal direction. When one electrode is

introduced into the cell, there is a downward 0 CRO screen
deflection and so far as the electrode is inside  Amplitude (mV)T 7
the cell the deflection remains the same
(Fig. 2.5). This is the RMP. —» Time (milli sec)

Fig. 2.5: Resting membrane potential recorded
Graded Potentials from a nerve fiber on a CRO screen. RMP -70 mV.

Stimulus is a sudden change in the environment which produces a response in the cell.
There are different types of stimuli like mechanical, electrical, chemical, thermal etc.

Depending on the strength of the stimulus, two types of responses are produced (Table 2.2):
1. Local, non-propagated potentials called graded potentials
2. Propagated potentials called action potential.

Graded potential is a small deviation from resting membrane potential that is caused
by a stimulus. A graded potential may make the membrane either more polarized, i.e.,
more negative than the resting potential, or less polarized, i.e., less negative than the resting
level. Polarization more negative than the resting level is called hyper polarization and
polarization less negative than the resting level is referred to as depolarization.

Action Potential

Action potential is a sequence of rapidly occurring changes in the membrane potential,
i.e;; depolarization and repolarization, in an excitable cell, when a stimulus of sufficient
strength is applied. The nerve transmits information in the form of nerve impulse called
action potential.

TABLE 2.2: Differences between action potential and graded responses.

Action potential Graded potential

1. Large response 1. Small response
2. Propagated along the entire length of the excitable cell 2. Localized or non-propagated
3. The size and shape of the action potential remains the 3. It has variable amplitude
same as it travels along the fiber
4. Obey all-or-none law 4. Does not obey all-or-none law
5. Exhibit refractory period 5. Do not exhibit refractory period so they

can be summated



CHAPTER 2: Nerve Physiology °
Recording of Action Potential

< Monophasic recording—one electrode is placed inside and another outside the cell
membrane.
< Biphasic recording—both electrodes are placed outside the cell membrane.

Monophasic Action Potential from a Single Nerve Fiber

When a stimulus is applied, a brief Stimulus

. . . artifact

irregular deflection of the baseline

is recorded on the CRO, known as 0 CRO screen
stimulus artifact (Fig. 2.6). This -

is due to current leakage from stimulator Intracellular electrode

4

the stimulating electrodes to the 1] _
recording electrodes. It marks the | R Axon

point of application of the stimulus Fig. 2.6: Monophasic recording from an axon. Note that the
on the cathode ray screen. This is baseljfQtarts N0 mV.

followed by an isopotential interval called latent period. Latent period ends with the start
of action potential. Latent period denotes the time taken by the impulse to travel from the
point of stimulation to the recording electrodes.

lonic Basis of Action Potential

When a stimulus of sufficient strength is applied to a nerve, the nerve becomes active and
there is slight opening of sodium channel. This is called sodium channel activation. Na*
will pass from outside to inside according to electrical and concentration gradient. The
potential changes from -70 to a less negative value. As more and more Na* enters the cell,
the gates open more and more widely and the potential goes more and more to the positive
side. At a critical voltage of =55 mV there is sudden wide opening of Na* channel. This
critical voltage is called firing level or threshold potential. Gradual change of potential
from resting stage to firing level is called partial depolarization (Fig. 2.7).

At the firing level there is explosive entry of Na* into the cell. The potential goes to the
positive side for a brief period. This phase is called depolarization phase (the resting cell is
said to be in a polarized state). Going of the potential to the positive side is called reversal
of polarity. The inside becomes positive and outside negative at the point of stimulation.

Next change is closure of inactivation gate of Na* from inside, which is a slow process.
When the gate from outside opens, the gate from inside starts to close. But it takes a longer
time to close so that, for a brief period the channel is fully opened. So, increase in Na*
permeability is short lived (Fig. 2.8A).

Along with Na* channels, Ca** channels also open during cellular excitation allowing
calcium ions to enter the cell from outside according to concentration gradient. Opening of
calcium channels is a very slow process and the role of calcium channel is more important
in cardiac and smooth muscle cells.

Repolarization

Repolarization is initiated by the closure of Na* channel from inside. (Sodium channel has
two gates, one on the outside called activation gate and another on the inside of the channel
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+30 |-

Amplitude (mV)
——

RMP

~70 [P

Point of
stimulation

—_—
Duration (msec)

Fig. 2.7: Monophasic recording of nerve action potential LP: Latent period. Numbers denote: 1. Slow
depolarization; 2. Rapid depolarization; 3. Reversal of polarity; 4. Rapid repolarization; 5. After-depolarization;
6. After-hyperpolarization.
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Figs. 2.8A and B: lonic basis of action potential: (A) Depolarization; (B) Repolarization.

called inactivation gate. In the resting state activation gate remains closed and inactivation
gate remains open.) Next change is opening of K* channel from inside. According to
concentration gradient K* goes from inside to outside and causes rapid repolarization.
Towards the end of repolarization phase the process is slowed down and this phase is called
after-depolarization. This is due to accumulation of K* just outside the cell membrane,
thereby slowing down the efflux of K* (Fig. 2.8B).

The repolarization phase overshoots to the negative side to some extent and this is called
after-hyperpolarization. This is because it takes a longer time for the K* gates to close.

At the end of action potential the Na*—K* pump will function to reestablish the
concentration gradient because there is some excess Na* inside the cell and excess K*
outside the cell membrane. Action potential in nerve fiber is also called spike potential
because it resembles a spike.

Recording of Action Potential in a Mixed Nerve

The pattern of action potential obtained from a mixed nerve is called compound
action potential or multipeaked action potential. This pattern is obtained when
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recording electrodes are kept at a greater
distance from the stimulating electrodes
(Fig. 2.9).

Clinical Importance of Action Potential

ECG, EMG, ERG, EEG etc., are basically action
potentials.

M EXCITABILITY

Excitability is the ease with which excitation
or action potentials can be produced. In order
to produce an action potential the membrane
potential should reach the firing level from
resting level. Nearer the resting membrane potential to firing level greater will be the
excitability.

Amplitude (mV)

Time (msec)

Fig. 2.9: Compound or multipeaked action
potential recorded from a mixed nerve.

Characteristics of the Electrical Stimulus Used for Excitation

Commonly used stimulus in experimental studies is electrical. According to strength,
stimuli are divided into:

< Threshold stimulus

< Subthreshold stimulus

< Suprathreshold stimulus

< Maximal stimulus

< Supramaximal stimulus

Threshold stimulus—here the strength of stimulus is just sufficient to bring the RMP to
firing level and produce an action potential.

Subthreshold stimulus—the strength is less than threshold stimulus. Even though it
does not produce an action potential it brings the membrane potential nearer to the
firing level. This state of the cell is called local excitatory state or local response (refer
local response).

Suprathreshold stimulus—here the strength of stimulus is more than threshold value. It
will not produce a further increase in the amplitude of action potential. This phenomenon
is called all-or-none phenomenon.

All-or-none law—all-or-none law states that a stimulus capable of producing an action
potential will produce the maximum possible amplitude of action potential. All- or-none
law is applicable to a single fiber or cell only. When a mixed nerve is stimulated it will not
obey all-or- none law. Similarly, a single skeletal muscle fiber and not a whole muscle will
obey all-or-none law.

Maximal stimulus—it is that strength of the stimulus which will excite all the axons in a
mixed nerve.

Supramaximal stimulus—here the strength is more than maximal stimulus and it has no
additional effect.
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Refractory Period

It is the period during which excitability of
excitable tissue is decreased. During the rising
and much of the falling phases of the spike
potential the neuron is refractory to stimulation
(Fig. 2.10). Refractory period is divided into:
< Absolute refractory period

< Relative refractory period ~7omV
.
) ARP RRP
Absolute Refractory Period Fig. 2.10: Nerve action potential showing

refractory period. ARP, Absolute refractory period;

Absolute refractory period (ARP) is the period RRP, Relative refractory period.

during which the strongest stimulus cannot

produce an action potential. It extends from firing level to 1/3 of repolarization. Refractory
period makes a continuous excitatory state of a nerve impossible and limits the frequency
of the impulses.

Relative Refractory Period

It is the period during which a stronger than normal stimulus can produce a response. It
extends from 1/3 of repolarization to the start of after-depolarization.

B CONDUCTION OF NERVE IMPULSE OR PROPAGATION OF ACTION POTENTIAL
Conduction of Nerve Impulse through an. Unmyelinated Axon

The principal function of neuroniis to transmit nerve impulse in the form of action potential.
Conduction of impulse is an active and self-propagating phenomenon. Once an action
potential is produced it spreads automatically.

The region where excitation is Active region or Active regions
; 3 : current sink
pIOfiuced 1n'the axon is called active L e Q/Jr\h .
region. Outside the membrane current * * * -—- + + + - — + - + - =
flows from the neighboring inactive  _ Paiat _ _ Ky _ e _

region into the active region, whereas + + ¥ 7yt *++ +* X 7 * 5 _F ¢
inside the membrane current flows from gy 2 11: Conduction of nerve impulse through an
active to inactive region. Active regionis  unmyelinated axon showing local circuit current flow.
also called current sink (Fig. 2.11).

This type of circular current flow is called local circuit current flow. The current flow
from inside to outside at the two neighboring areas will open up the sodium channels
at these points and action potentials are produced. Neighboring regions become active
regions and the process is repeated by setting a series of local circuit current flow and action
potential spread throughout the membrane.

At the same time repolarization also starts at the point of stimulation and spreads in both
directions. If the axon is stimulated at the center impulses travel in both directions. Conduction
towards the effector organ is called orthodromic conduction and conduction towards
the cell body is called antidromic conduction. Once initiated, a moving impulse does not
depolarize the area behind it to the firing level because this area is in the refractory period.
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Conduction in a Myelinated Nerve Fiber

Myelin is an effective insulator and current flow through it is negligible. When the nerve
is stimulated in the center, action potential is generated only at the node of Ranvier. Here
instead of active region it is called active node. From neighboring inactive nodes current
will flow into the active nodes outside the membrane and from active node to inactive node
inside the membrane thus setting up a local circuit current flow (Fig. 2.12).

At the two inactive nodes current Active node Myelin
flow from inside to outside will open . +/\ _‘ ¥~ N\ . . Shelath
up soc?mm channels, and action = S -
potentials are produced at the two N N
neighboring nodes. The process is 5 = - A &
repeated and impulse is conducted N
by jumping from one node to another,  Fig. 2.12: Conduction of nerve impulse in a myelinated
and this type of conduction in a axon showing saltatory conduction.

myelinated fiber is called saltatory conduction (saltare means to leap). Saltatory conduction
occurs in both the peripheral and central nervous system. Conduction through myelinated
fiber is 50-100 times faster than in an unmyelinated fiber.

B CLASSIFICATION OF NERVE FIBERS

I. a. MYELINATED (medullated)

b. NONMYELINATED (unmyelinated or nonmedullated)
II. a. SENSORY (afferent)

b. MOTOR (efferent)

III. Classification of nerve fibers depending on conduction velocity and fiber diameter by
Erlanger and Gasser (Table 2.3)
IV. Numerical classification for sensory fibers (Table 2.4)

TABLE 2.3: Erlanger and Gasser classification of nerve fibers.

Fiber type Diameter (um) | Conduction velocity (m/sec)

Proprioception, somatic motor 12-20 70-120
AB Touch, pressure 5-12 30-70
Ay Motor to muscle spindle 3-6 15-30
Ad Pricking pain, cold crude touch 2-5 12-30
B Preganglionic autonomic fibers <3 3-15
C-dorsal root  Burning pain, temperature, reflex responses  0.4-1.2 0.5-2
C-sympathetic Postganglionic sympathetic fibers 0.3-1.3 0.7-2.3

TABLE 2.4: Numerical classification of nerve fibers.

| Number |Origin __________________________|Fibertype

la Muscle spindle (annulospiral ending) Aa
Ib Golgi tendon organ Aa
Il Muscle spindle (flower spray ending), touch, pressure AB
I Pricking pain, cold receptors AS

1\ Burning pain, temperature Dorsal root C
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B FACTORS INFLUENCING THE VELOCITY OF CONDUCTION IN A NERVE FIBER

< Myelination—myelinated fibers conduct impulses 50-100 times faster than
unmyelinated fibers. C fibers are unmyelinated and form the majority of fibers in the
peripheral nerves.

< Fiber diameter—greater the diameter of the fiber greater will be the velocity of
conduction.

< pH—increase in pH within physiological limits increases the velocity of conduction.

< Temperature—increase in temperature within physiological limits increases the velocity
of conduction. Cold decreases the conduction velocity.

< Anesthetics—anesthetics decrease the velocity of conduction.

W PERIPHERAL NERVE INJURY
Types of Nerve Injury

A nerve can get damaged by various means:
< Transection of nerve

< Crush injury

< Leprosy, diabetes mellitus, etc.

B RESPONSE OF NEURONS TO INJURY
Injury to the Nerve Cell Body

Severe damage of the nerve cell body leads to degeneration of the entire neuron. The tissue
macrophages remove the debris and the local fibroblasts replace the neuron with scar tissue.

Effect of Cutting a Peripheral Nerve

When a nerve is cut, it will have two parts:
1. A proximal part attached to the cell body.
2. A distal part not attached to the cell body.

Changes mainly occur in the cell body and in the distal part. Degeneration in the distal
part is called anterograde degeneration or Wallerian degeneration and that in the
proximal partis called retrograde degeneration.

R/ INJURY TO THE AXON

Axon is a part of the neuron and it is the cell body that maintains the structural and
functional integrity of the axon. All the necessary proteins responsible for maintaining the
integrity of the axon is synthesized in the cell body and is transported along the axon by
means of axoplasmic flow.

When an axon is bisected completely, certain physical and chemical changes occur in
the nerve. Changes occur in two stages:
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Stage of Degeneration

When an axon is injured, degenerative changes occur in the cell body, distal segment and
in the proximal segment.

Changes in the Cell Body

< 24 to 48 hours after injury there will be degeneration of Nissl granules referred to as
chromatolysis.

% Golgi apparatus fragments.

< The cell body swells up and becomes rounded due to increased fluid content.

< The neurofibrils disappear and the nucleus gets displaced towards the cell margin.

Changes in the Distal Segment or Wallerian Degeneration

Degenerative changes occurring in the distal segment of the injured neuron are referred to

as Wallerian degeneration described by Sir Augustus Waller. The changes spread distally

from the site of lesion to its termination. The changes include:

< The axon becomes swollen and fragments. The entire axon gets destroyed within a week.

< Within 10 days after injury, the myelin sheath disintegrates and oily droplets appear
in the Schwann cell cytoplasm. These droplets will be extruded out and will be
phagocytosed by tissue macrophages.

< Atthe site of injury, the nucleus of Schwann cells divides rapidly and form parallel cords
of cells within the persisting basement membrane.

< Within 3 months, macrophages invade the injured area and phagocytose the
degenerating myelin sheath and axon fragments.

< Ifregeneration does not occur, the axon and the Schwann cells will be replaced by fibrous
tissue produced by local fibroblasts.

Changes in the Proximal Segment

Changes in the proximal segment is similar to the changes in the distal segment and is
called retrograde degeneration. The changes occur only up to the first node of Ranvier.

Stage.of Regeneration

< Regeneration of the nerve fiber occurs only if the neurilemma and endoneurium are

intact.

Regeneration is not possible if the gap between the cut ends is more than 3 mm.

Regeneration is also not possible if nucleus is extruded from the cell.

Regeneration is not possible if there is infection at the site of wound.

> There is a better chance of regeneration in crush injury than in cut injury as the
neurilemmal sheath and endoneurium are intact.
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Regenerative Changes in the Cell Body
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Nissl granules and Golgi apparatus reappear.
Nucleus returns to the central position.
Cell regains its normal size.

Changes in the Distal Segment

The Schwann cells on either side of the injured site multiply by mitosis and grow towards
each other and form a regeneration tube across the cut end.

Hundreds of neurofibrils start growing from the tip of the axis cylinder of the proximal
stem called regenerative sprouting or axonal sprouting.

The neurofibrils grow at a rate of 3 to 4 mm per day towards the distal stem.
Eventually one single neurofibril grows towards the distally located receptors, muscle
or gland.

This neurofibril will increase in diameter and myelin sheath starts appearing in about
15 days. Myelination is completed by one year.

Once the regenerated axon reaches its target, a new functional connection is formed.
Ifno connection is established between the proximal and distal cut ends, the sprouting
neurofibrils coalesce to form a very painful tumor like mass called neuroma. This is
commonly seen in amputation stumps.

MULTIPLE CHOICE QUESTIONS

1. What is true regarding action potential?

a. Decremental potential b. Does not obey all or none phenomenon
c. Kions go from inside to outside of cell d. Theshold stimulus is required
2. False about saltatory conduction:
a. Occurs in unmyelinated nerve fibers b. Depends on nodes of Ranvier
c. Itis a fast process d. Less energy is consumed
3. The organelle that synthesize proteins in the neuron:
a. Golgi complex b. Nissl granules
¢. Mitochondria d. Smooth endoplasmic reticulum
4. 1In a neuron, the impulse is generated at the:
a. Node of Ranvier b. Cell body
¢ Initial segment d. Axon hillock
5. In excitable cells, repolarization is closely associated with:
a. Na influx b. K efflux
¢. Kinflux d. Na and K influx

ANSWERS
1.d 2.a 3.b 4.c 5.b
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