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Preface

We are delighted o present a book on medical physiology written exclusively for a denmal audience. I is
envisaged thar the book will be used nor enly in the carly years of dental courses bue also for preparation of
postgraduare examinarions in dentistry. Moreover, dentists and dental care professionals may also benefit
from it to refresh and vwpdate their knowledge of physiology.

Physiology is a complex and challenging subjecr, and rraditionally the dental studens have learnt i from
standard medical textbooks with limited reference to dentistry. A concerted effort has been made to provide
the relevance of each topic area to dentisiry so thar denral students are able o relate the subject 1o their own
clinical practice, We have not only focused on physiology but also tried o assimilate relevant conceprs of
allicd subjects vo achieve integration with other basic and clinical subjeces.

A wide selection of online self-assessment questions accompany this text, and readers can use this resource
not enly to prepare for relevant examinations bur also as a drive for their learning. While every effort has been
made to disouss core topic arcas in physiology comprehensively, icis suggested thar readers explore addirional
resources to further enhance their understanding of the subject. Recommendations for additional online and
et resources are listed ar the end of each chaprer.

Fin;q“]r, W hr,)pt,: this book will be a useful addition o existing resources for dencal students, We would like
to cxpress our uimost gratitude to all the contributors for sharing their knowledge and expertise in the
subject.

Kamran Ali
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Elizabeth Prabhakar
PhD FHEA CBiol



About the Companion Website

Dont forgu_-[ o visit the companian website for this book:

wwwwiley.com/golalifphysiology

There you will find valuable mazerial designed ro enhance your learning, including:
o MCQ_;.

* EMOs

* Glossary

* List of abbreviations

* PowerPoing slides of figures

Scan this QR code to visic the companion websice

=13 =]
[=]




PART |

| Introduction




CHAPTER 1

The Cell: Structure

- and Function

Vehid Salib and Kamran Ali

Key Topics

m Overview of different types of living organisms
m Organisation of the human body

a Components of human cells

m Regeneration and repair

Learning Objectives

To demonsirate an understanding of the:

o Differences between prokaryotes and eukaryotes

Structure and functions of the cell organelles

Relevance of regeneration and repair to oral and denlal lissues
Patential applications of stem cells

EEE

Introduction

A cell is the fundamental structural, functional, and biological unit of all' krown living
organizms (except vinses), Individual cells range from 1 o 100pm and are visible only
under a microscope as the human eye is unable 1o sec anything smaller than 100pm,
Living arganisms are described as unicellular {microorganisms) or mulricellular (c.g. planms
and animals). Unicellular organisms are also dassified as prabaryores and multicellular onganisms
as cirkaryeter. Prokaryotes lick a nucleus and eyroplasmic organelles and are represented by
bacreria. Eukaryores have anucleus aswell a3 gpioplasmic organelies and include microor-
ganisms such as fungl, protezoea, algae as well as animals and humans, Nevertheless, both
types possess 4 cell membrane and conmin deoxyribonucleic acid (DNA). Mimses are
neither prokanmotes nor culanpotes as they lack chamctenstics of living organisms,

Enential Plytislogy for Dental Students, Finn Edition. Edived by Kamean Ali and Elizaberh Prabhakar,
£ 2019 John Wiley & Sons Lrd, Pubdished 2019 by John Wiley & Sons Led.
Compailon webiite: wasvwiley.comdgolalil physiology
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apart from the abiliey to replicate. They are best
regarded as obligate parasites as they can only repli-
care in living cells.

An adult human body eomprises approximately
75100 erillion cells, and more than 200 varieties of
specialised cells have already been identified. The
cells in the human body join to form tissues. Four
basic human tissues include epithelium, connective
tissue, nervous tissue, and muscle. Different tissues
are grouped to form organs which in wrn join o
form various systems of the human body. The func-
tion of the human body is maintained by thousands
of conerol systems at the level of cells, tissues, organs
as well as systems allowing the body to maintain a
constant internal environment, or fomepinecs,
Mevertheless, all physiclogical processes as well as
discase mechanisms ean be deseribed ar, and
ascribed to, the cellular level. Cells are diverse and
vary tremendously in their merphology and func-
tion. Figure 1.1 shows the main features of a rypleal
human cell.

Components of the Human Cell

Call Membrane

The eell membrane (plasmalemma) forms the ourer
boundary of the cell. The selective permeabiliny of
the cell membrane allows the cell v interact with irs
environment in a controlled way. The cell mem-
brane is composed of a fluid combination of lipids
{phospholipids and cholesterol), proteins and a
small amount of carbohydrares. The basic structure
af the cell membrmne is formed by a phospholipid
bilayer (Figure 1.2). The hydrephilic head region of
the phosphaolipids faces the exterior {extracellular
fluid or interstitial or tissue fluid) or aqueous inre-
rior (intracellular fluid or cytoplasmic face) of the
cell, while the hydrophabic rails remain isolared. A
variety of proteins attach to the surface of the phos-
pholipid bilayer, while others traverse it pandy aor
completely. The membrane protcins perform a
variety of roles including: channel proseins, which
facilitate passive transport across the cell membrane:

St onal v

Flgure 1.1 Components of a cell. Source: Tortora and Demickson (2013),

Marefdpmant
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Cholesiorol

Inbegrad (Iranamesmbearss) proseing

Porgharal proton

Figure 1.2 Fluid mosaic model of plasma membrane. Source: Tortora and Dermrickson (2013).

protein punips for active transport (Chaprer 2); and
receptor proteing for hormenes and other endoge-
nous as well as exogenous chemicals. Carbohydrates
are cither found in combination with proteins {EI}'-
coproteins) or lipids (plycolipids) and function as
recognition markers, allowing the immune system
1o differentiate “self” from forcign cells,

Mucleus

The nuclens is a doubde membrane-bound structure
and measurcs approximarely 3—14 pm in most cells,
le stores the DNA and associated proteins (= chro-
marin) in the form of chromosomes. The nuclear
membrane {nucleolemma) isolates the DNA from
the otoeplism and is continzous with the endoplas-
mic reticulum {Figure 1.1). The nucleolemma con-
ming pores 1o allow passage of mesenger RNA
(mBNA) units of nucleic acid. The gel-like portion
of the nuclens is known as nucleoplasm. Within
the nueleus, prowcins, DMA, and ribonucleic acid
(RMNA) are concentrated around specific chromo-
somal regions to form the nucleofus (plueal: nucleoli).
The nucleolus itself is not bound by a membrane
and is respensible for synthesis of ribosomes.

The functions of the cell are coded in the genes.
The genetic code or nucleotide sequence of DNA in
the genes is used o dircor prorein synihesis, a pro-
cess known as gene expression. First, the DMNA is
used as a remplate o link nudeotides, forming a
strand of an mRNA molecule. This process is
referred o as transeription and is facilitated by the
enzyme RMNA polymerase. The mBRMNA is then
transferred across the nucleclemma inrte the cyro-
plasm and is used as a template by ribosomes 1o syn-
thesise proteing, a process referred 1o as rransbarfon.
Further processing of the proteins such as addition
of phosphate (phosphorylation) or carbohydrares
{glycosylation) takes place through a process known
as post-rranslation modification.

The nudeus is present in all cells of the body,
excluding red blood cells and placlets. Liver cells
(hepatocyres) can have ane or two nucked, while the
esteocdasts and skeletal muscle cells are multinucleared.

Cyloplasm

The eyroplasm refers to the contents of the cell
bounded by the cell membrane on the outer aspect
aned' the nucleus in the inner part of the cell
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(Figure 1.1). The liquid portion of the cytoplasm is
termed cytosol, and conrains mainly water (70-85%),
proreins (10-209%), lipids (2%), carbohydrates (1%),
and electrolytes. Two distinct components of the
cytoplasm include:

* Organelles, which are membrane-bound struc-
tures with a specific metabolic function. The mem-
brane around different organelles serves to isolate
the chemical reactions in the cytoplasm from cach
other.

* Inclusions, which are non-membrane-bound par-
riculate matter in the cytoplasm and do nor have
any specific merabolic function.

Cytoplasmic Organelles

* Ribosomes

Ribosomes are small spherical structures (15nm in
diameter) which may exist as free-floating particles or
can be found in clusters lining the ourer membrane
of the rough endoplasmic reticulum. Ribosomes
are the site of protein synthesis and translate the
message obrained from the nucleus via transeription
and effectively function as the working templace or
conveyor belt for assembling proteins.

* Endoplasmic Reticulum

ER consists of a complex and multi-folded system of
parallel membranes and rtubules which is contiguous
with the nuclear membrane and Golgi apparatus.

The rough endoplasmic reticulum (rER) is stud-
ded with ribosomes. rER works with the ribosomes
to synthesise proteins which are collecred in spaces
(cisternae) within the rER. A limirted amounc of
packaging of proteins also takes place in the rER
(pancreas).

The smooth endoplasmic reticulum (sER) con-
eributes to lipid merabolism, including synthesis of
steroid hormones, the lipid portion of lipoprotein
in the liver, and lipid absorption and resynthesis of
triglycerides in the inctestinal mucosa. sER in skele-
tal and cardiac muscle, known as the sarcoplasmic
rericulum, sequesters calcium for the cytosol.
Finally, ER inactivates harmful by-products of
mertabolism and drugs (liver).

* Golgi Apparatus

The Golgi apparatus (GA) like the ER, is also a
stacked series of folded membranous sacs. Its main
funcrion is to process and package both proteins
and non-proteins. The GA is the central delivery

system from the cell and “packages’ cellular producys
into secretory vesicles which bud off from majy
Golgi membranes to enable them to migrate to and
merge with the plasma membrane, releasing their
contents outside the cell by a process known as exo-
cytosis. The GA additionally produces lysosomes
and digestion-related organelles.
* Lysosomes

Lysosomes are small membranous compartments
(25-50 nm in diameter) which emanate from the
GA. L}’SﬂS{JI“ es contain several i.|¢:gr.u.{.';tivg: CnZymes
and assist in the degradation of toxic and waste cell
products, including cell debris as well as microbial
organisms (e.g. bacteria). J""Jtimugh found in all cells
(excepr erythrocytes), lysosomes are particularly
prominent in macrophages and neutrophils.
Lysosomes also play a key role in programmed cell
death, or apoprosis.
* Peroxisomes

Peroxisomes are membrane-bound  structures,
somewhat larger than lysosomes (0.3-1.5 pm in diam-
cter), which arise from ER. They contain S}}uciﬁc
enzymes (oxidases and catalases) which help the break-
down of long-chain lipids and are involved in the
detoxification of certain chemicals (e.g. converting
hydrogen peroxide to warter). Apart from macrophages,
peroxisomes are prominent in liver cells where they are
involved in the degradarion of alcohol.
= Secretory Vesicles

These have a predominantly storage and trans-
port role in cells and originate from the GA. These
typically are transported by non-constitutive secre-
riun. 'ﬁ'l'.licl'] mcans [I:I':“ []:I(.' 5(.":1'(.'!‘!{]"5 arc J'L'I.L‘ﬂﬁi;d
continuously regardless of any external factors, This
is the standard mechanism and ensures proteins and
other impmml‘lt molecules are Curl[immu:&l}f main-
tained ac the plasma membrane. Non-constiturive
transport is very much regulated and requires spe-
cific signalling pathways to get the protcins deliv-
ered 1o the cell membrane.
s Mitochondria

Mitochondria (singular: mitochondrion) are
0.75-3 pm in diameter and produce energy required
for cell functions, effectively functioning as the
powerhouse of the cell. They consist of a double-
layered membrane. Their inner membrane is highly
folded into erisrae, which markedly increase its sur-
face area. Mitochondria have their own DNA,
which allows independent replication of mitochon-
dria and synthesis of enzymes and proteins involved



in cellular respiration. They are studded with
enzyme-rich proteins responsible for producrion of
energy molecules known as adenosine triphosphate
{ATP). Mitochondria use oxygen (cellular respira-
tion) to liberare energy stered in the sugars through
a process known as exidetive phospherylarion. The
energy 15 stored in the ATP molecules and is used

for variouws cell functions such as protein synthesis
and transport. Mitochondria are most numerouws in
I.\,'I.'”‘-\. 'I.'-"SIIL Ilil:i:l I.'IIL'r!_;:f li'(]‘lir\'.'l!l\'.'l'l'h SLC 11 as tJ'I-L' ['l:”.‘-
in muscle and liver. In addition, mitochondria also
store inrracellular calcium.
=Ly roslelenl Lo praae s

The cells are supporved by a cyroskelenal neowark
al extensive microtubules and microfilaments and
intermediate Blaments, which act as a scaflfold for
cell integrivy, provide cell shape as well as being an
additional means of transport al  substanees
throughour the cell.
» Mierotslinles

Microtubules are hollow cylindrical structures
(25 nm in diameter) and are |s|:1.'|:11||||i:::|:|1lll}' made
up of a-tbulin and F-tubulin proteins. They havea
r-:1E|.' (R i fII.L' \.I.'IIIII.Ir l:r.|||\|:||-||. Iir.‘ll-r!:il.r!l'lll:.“ hLIL"I! as
mitochondria and vesicles, They also conibure to
the axememie, a 1_:.'1||-'.|-c-:'§|._'|:.|| core In cellular :lp]:cnd-
ages like cilia {respiratory tracr, fallopian tbes) and
”.IFI.'“:I {sperms). ]"in.t”}'. microtiibules also eonteib-
ure to centrioles which help in cell division.
*»  Tureranediaie Filamens

Inrermediane filaments are made of fibrous proeins
(8-10nm in diameter) and contribute to the strue-

tueal Integriry and .'li'l.'I:"'l\.' of the cell. ]".Ju.|J|'||}Jr.'.i include:
ookeratin {epithelia, hair, nails); vimentin (connec-
tive tissue, blood celld): desmin and \:\'IIL':H'Ii:I'I -:mus-ci-:.
Z£-ine proteins): and neurofilaments
L] .'r.l".'.'n:.l_.l'fﬂ:.l.'rr.'.'.'.

A P R
Micrgfilaments are narrow (Fnm) hlamentous

ICUTONS).

siructures n|.|..,|L' -l'r- the ;ln!llll.ﬂr E"l\.:lll.'ill. actin — a
very common cell filament (Figure 1.3). They are
face of the cell mem-

locared near to the inner surks
brane and help the cell to maingain s shape, and
aAfe ;:‘I'I.i:l]"\.'i_'d ij'l C{\I]lf.[cliﬁlll |1'|'||,|“:IE,I :|.r|.|.E MOYEMEn
(white blood cells).

Inclusions

Ineclusions represent particulate regions in the cyto-
E&E;L;.“: which are not rrLErl'.h]':i!'lC-hl.H.l.l:!h:!. '['11.(.-\.-;'
food (eg. glywcogen particles, far

Enc!udc SLOE
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Figure 1.3 A human ostecblast cell staimed for actin
cyloskalelal flamends (green), plasma coll membane
{orange) and nucleus. (blue). Figure couriasy

Dir. Vehid Salihy

droplets); pigments (mclanin, lipofuscin, haemosid-
erin). Pathological inclusions include bacteria,
viruses, and exopenous particulare mater, such as
{.1[:1‘(111 (413 Jht'll:.‘-ll::l" m t|1q' I1“If_'|h |I|'||;“ Liud | i'|'|

Figure 1.1}

Cell Regeneration and Repair

Cells are zaid o be in 2 homeostacic state when they
can pd.'rl-rn:rll their function |:|.‘:-|:||'|..ﬂ|:|.'. However, cells
may get damaged from a variery of causes, such as
lack of oxvgen, physical or chemical agents, nurri-
rional deficiencies, infection, genctic defects, and
1‘|'|'||:||“|'|11!y;5i|’.‘,‘t| reactions. Human cells vary in their
ability 1o withstand injury as well as in their abalio

to regenerate. For example, the cells in the skin and
lining mucosac continue 1o be replaced throughour
life while brain and heart cells have limited regen-
-L':I'nli'\.-'l; :ii:lﬂ-l‘l:l'. ||'|:1."\'cn.'th||: \'.'I:I.I i|'|i||r:.' r:.-uﬂts i c:l]
dearh. which can translare into organ dysfuncrion,
dis¢ase, and even death. The dental tissues possess
limired capaciry for regeneration and repair. The
tooth enamel does not conmain living cells and can-
not regenerate. However, enamel can be remineral-
ised in the cjfi}" STapes of toth decay priar (o
cavitation. The dentin-pulp complex and the peri-
odontium, on the other hand. contain living cells
(including stem cells) and can undergo regeneration
and/or repair to a limited cxent, depen t

severity of the injury.
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Stem Cells

Stem cells are undifferentiared cells of 2 multicellu-
lar organism which can divide indefinitcly ro give
rise 1o more cells of the same rype (retipotent), and
from which certain other types of ecll arise by dif-
ferentiation (multipotent, pluriporent). Stem cells
have the capacity therefore to self-renew and ro dif-
ferentiate into different cell rypes or tssues during
embryonic development and rypically throughour
adulthood, too, although their differentiation
patential declines with age. They are classified into
owo groups based on their origin: eméryonic stem
cells, which are pluripotent and cin develop into
any oype of cell, and adult stem cells, which are
deemed multipotent and these can develop Into
meany cell ypes.

Embryonic stem cells offer immense promise but
their clinical use and !'mibi]iry are limired, awing 1o
ethieal eoncerns. Adule stem cells may be harvested
from different kind of tissucs, like bone marrow,
umbilical cord, amnictic fluid, brain tissue, liver,
pancreas, cornea, various periodonral rissuwes, and

even adipose tissue. Stem cells are currenty used in
a variery of research applications and for treating
diseases of imporrance {eg. dementia) as well as
debilitating genetic conditions. The role of furure
stem cell therapy supgests thar an adulds own
{aurologous) cells could be derived, differentiared,
and utilised for eell therapy interventions,
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CHAPTER 2

Nerve Physiology

Elizabeth Prabhakar and Kamvan Alf

Key Topics

m Structure and classification of neurons
B Mernve cell excitability

Learning Objectives

To demonsirate an understanding of the:

Distribution of ions in the extracaellular and intracellular fluids
= Role of ion channels in the propagation of nerve impulses

= Generation and propagation of narve action potentials

= Clinical relevance of nerve dysfunction 1o dental practice

- ]

Introduction

Merves are part of the peripheral nervous system (PNS), consisting of bundles or tracts
ol nerve fibres {axons) running parallel 1o each other. The fibres connece the ceneral
nervous system (CMNS) o the PNS and serve as an important conduit for infarmation
flow (in the form of electrical or nerve impulses) between the two systems. Merves
originate from specialised cells called aewrens which form the basic structural and func-
tional units of the nervous system. The fibres terminate on peripheral targes organs.
like muscles or glinds, called gffeerars. Meurons can be classified funcrionally into two
main types depending on the direction of information flow: (i) sensory (afferend), if
impulses are rransmitted from the periphery to the CNS and (i} motor {cfferemt), iF
impulses travel from the CNS to the gffecrars in the periphery: Neurons are also catego-
rised structurally as unipolar or multipolar depending on the number of processes
(branches) arrached o the cell body. The afferent sensory neuron is |,|,|;|ip¢|.a_|_‘ because it
has one process (axon) atmached o is cell body. The efferent motor neuron is mullil_mi.-.r

};.:r-ur-l'-f-l' P-'"ll‘r-l'm-ﬁ-'x_'rﬁ! Fierral Srudererr, First Edition. Edired by Kamran Al and Elizabeth Prabhakar,
2009 Joehn Wiley & Sons Lol Published 2009 by John Wiley & Sons Led.
Compankon website: wwew wilepcomigolalifphasiology
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because it has many processes (dendrites) arrached
to the cell body (Fig 2.1).

Structure of a Neuron

A neuron consists of three main pares: a cell body or
sommd, dendrites, and an axon. However, the armnge-
ment of thes components is different between sen-
sory and motor nearons, as shown in Figure 2.1. Ina
sensory neunon, dendrites lie distal o the cell body (in
the tissues) and consisz of a branching nerwork of
free nenve endings which transmit nerve impulses
towards the CHS (Figure 2.1a). The axon lies mesially
and synapses with the nuclei in the CMNS 1o transmic
incoming impulses. The cell body in a sensory neuron
is inrerposed berween the dendrites and the axon: It
provides the metabolic suppont 1o the cell bur is not
involved in impulse rransmission. In a motor neuron,
the cell body not only provides the metabalic support
for the cell but i also involved in impulse transmission
from the CNS 1o the effectors (Figure 2.1b and 2.2).
An axon is 2 long eylindrical structure representing
a single nerve fibe (Figure 2.2). 1t conrains the gyvo-
pi:s.sm {axoplasm) enclosed in the nerve membrane
{axolemma) which isolates the axoplasm from the

surrounding extracellular fluid (ECF). The axolemma

consists of a lipid bilayer with the hydrophilic {polar)
endds I'g,cinE the exterior, while the h}'-!hi:lphl:laﬁﬂ {non-
polar) ends project into the middle of the membrane.
WVarious proteins are associared with the axolemma
and include; srangpare proreins (carriers, channels,
and pumps) and recepror proteins,

In addition to the axolemma, nerve fibres (except
the smallest ones) are enclosed in spirally wrapped
sheath of lipoprotein kivown as myelin. Concentric
layers of myelin are secrered by specialised glial cells,
kerown as Sefiearen calls, which are found in the our-
ermost layer of myelin,

Myelin is absent berween adjacent Schwann cells and
leads vo constrictions, known as smadfes of Renever, on the
exterior of the axolemma at regular intervals (every
03— 3mm). The axolemma is directly exposed w the
ECF at the nodes of Ranvier, allowing Fister transmis-
sion of nerve impulses in large-diameter myelinared
nerve fibres, The small diameter u:|1:|'|1:|.'|:|i.rul:t.ﬂ nenTe
fibres are surrounded by nonmyelinaring Schwann eclls.

A classification of peripheral nerve fibres according
to fibre type and properties is depicted in Table 2.1.

The large-diamerer A-fibre afferents (myelinated)
are involved in conducting impulses from proprio-
ceprors in the muscle and joints to the CNS, while
the efferents are involved in muscle contraction and

(i) Multipolar-Mobor neuron

Myelin Sheath

Myelin shealh

Axon lerminal

MNodes ol Ranvier

Figura 2.1 (a) Unipolar sensory nuran and (b) mulbipolar molor neron, Source: Courtesy of Melina 5., Kam.
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@ o= basc pats o a ruron ase dondrses, & osll body, And an Keon.
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D e
(5] MAolar nepuen

Figure 2.2 Typical multipolar molor neuron leund al the neurcmuscudar junclion. The arows show the direction of
impulses in an efferent motor neuron, Source: Tortora and Derrickson (2017).

aligning joints into the appropriate positions for
movement of maintaining musele tone, The smaller
Af and C-fibres (unmyelinated) are sensory affer-
ents involved with providing information about
pain, touch, and remperature sensations.

The medium-diamerer B-fibres and small-diam-
eter C-fibre efferents form parr of the autonomic
nervous system, which innervare various LArgEL
organs in the body (Chapter 22). Examples of sen-
sory receprors for wuoch (Meissner’s corpusele or
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Type of Subclass Myelin Diameter Conduction Location Function
Fibre (Microns) welocity (ms-")
A Alpha + 622 A0-120 Atlerent and afferont from  Motor,
musches and joints Proprioception
Beta - 622 A0=120 Afterent and efferent from Moo,
msclas and joinis Propricception
Gamma  + 3-5 15-35 Efferent io muscle spindles  Muscle tone
Delta * 1—4 -2 Afferent sensory Pain, touch,
temperaiure
B + =3 3-15 Preganglienic sympathatic  Autonomic
{aMarant)
[ sC - 0.3-13 07-13 Postganglionic sympathetic  Autonomic
{eHarant}
dgammal - 0.4=12 0.1=2.0 Aleren sensory and Pain, touch,
efleren lemperature,
Autonoamic

Seuree: Berde and Strichane (X000),

Merkel disc). pressure (Pacinian corpuscle), pain
(nocicepror) and remperanire (thermorecepror) are
shown in Figure 2.3,

Physiology of Peripheral Nerve

Nerve fibres are analogous 1o elecirical cables, in
that they transmit electrical impulses (action
potentials) to and from the CNS. The impulses
are electrical manifestations of the physical and
chemical sensations of pain, wouch, pressure,
temperature, taste, etc. from the PMNS o the
CHMS. Thus. the interconversion of one form of
energy (physicalichemical sensations) to another
form f(clecrrical impulses) thay occurs during
information flow ix rermed sraneduwcrfon. Similar
transduction processes occur when elecirical
energy is converted 1o chemical energy (chemical
transmission ar the neuromuscular junction)
or mechanical energy (muscle contraction or
secretions from glands).

The hrcnwralinn and conduction of action paten-
tials depend on the concentrations and permeabili-
ties of two important fons (MNa* and K1) moving
across the cell membranes of ecftable cefls (nerve
and muscle cells or their fibres), The movement of
jons is regulared by transpornt proteins in the cell

membrane, called fen channels, which in tam have

sensors or gates to control entry and exic of ions.

There are three types of rypes of fon channels
involved in the rransmission of impulses;

1. Voltage-gated channels {like Ma' K' Ca™, CI),
which gpeat iF there is a change in membrane
potential,

2. Second-messenger pated channels (also  called
mtlabmrupic}. which indirectly control the open-
ing and closing of jon channels, by binding 10
signalling molecules, like cAMPE, 1P3, crc.

3. Ligand-gared channels (also called ionotropic
channels, which respond 1w hormones and
newrotransmitters). These include the nicotinic
acerylcholine recepror on the post synapric
membrane {motor end plate) of the neuromus-
cular synapse (junction berween the cranial
nerve and skeletal facial muscle in the orofacial
region).

The external surface of the axalemma is sur-
rounded |.:|:,.' ECE while the internal surface is in
contact with axoplasm or intracellular fluid (ICF).
Both fluid COMPartmenis conain a number of sal-
utes (charged and uncharged molecules) dissolved
in warer. Hence, the chemical composition of the
fluid compartments is similar, althowgh the concen-
tration of each solurefion (mEql™"} is different
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Figure 2.3 Examples of unipalar sensory receplors for touch (a, b), pressune (), and pain or lemperatura {d).
Source: Tortara and Dermickson (2011),
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Table 2.2 Chemical composition
of extracellviar and intracellular fluid
COmpartiments
Salutes Extracellular Intracellular
(mEgl-) fluid fluid
Na® 14D 14
B @ 120
car 2.5 1= 10
Cl 105 10
HCO- 24 10
pH T4 i
Osmolarity 280 290

Sowee: Adapted rom Costanso (2017).
The anions {negatively charged icns) in intraceliukar Nud are
proteirs and Brganks phasphaled

(Table 2.2). Despire the differences in concentra-
tions of solutes, the total solute concentration
{osmolarity} remains the same in the two compart-
ments. This is because water moves freely through
the semipermeable cell membrane separating ICF
and ECF bringing the osmolarity o 290 millios-
molesl?  (mOsml') in both compartments.
Another interesting fearure of the fuid compar-
ments it that they are bath electrically neutral,
because the concentrations of cations and anions is
the same on either side of the cell membrane. Wich
particular regard to the concentrations of Na* and
K=, which are imporant for action porential genera-
tion, it can be seen thar the concentration of MNa® is
higher outside [Ma®]_in the ECF than on the inside
ICF [Na ]

The opposite is wrue for K, where iEC']n is low in
ECF and [K], and high in ICE These differences
are significant because the concentration gradient
across the cell membrane is the main driving force
for the movement of an ion. Thus, when ions are
transporied downhill (from high concentration 10
low concentration) without the need for energy, the
process is called pawive rranspore (like diffusion of
Ma® and K* and Bcilitated diffusion of amine-acids
and glucose in many cells of the bodyl. IT encegy
adenosine triphosphate (ATP) is required for the
uphill transpon (from low concentration 1o high
concentration) then the proces is called aerfor
Iﬁflullﬂl?!! HI'!'CI.' pril'l'l-‘ll’}’ and M.‘cm'h:_lu.r}' FCOIVE (rams-
port, in the renal and intestinal systems and sodium
potassium pump in cxcitable cells). The processes of

facilitated diffusion, primary active ranspor, and
secondary active rransport all involve integral mem-
brane proreing which transport molecules. Henee
these can alse be termed carrier-mediared rranipar.

Contribution of ions in ECF and ICF
to resting potential (V) and equilibrium
potential ['lul'“}

Merve and muscle cells ar rest (eg absence of stimu-
fusg, like pain) show the distribution of fons in
ECF and ICE as per Table 2.2, This is normally
described in terms of concentration gradicnt or con-
centration differences of soluresfions. However, as
ions are charged particles, we call this concentrarion
difference a pm.;‘:u:'df :ari_:,l_';l‘:‘rrnr( OF WIHHE p.:::.-:.-.::.r.l.".
denoted by the symbol, V. The resting potential is
:ﬂsa 'I!hl.' p:rjod hf.‘n'."ctn RCTIOT E!ll:ill:l:lli,lih [:.:'l.'l::ll-u.'d in
response 1o a stimulush, The diseriburion of ions a
rest shown in Table 2.2 makes the cell membranc
polarised.

The V is critically dependent on the concentra-
tion gradient of the K (sce below) with approxi=
mate values recorded berween 70 and -90mY on
the inside of the cell membrane, with respect o
the outside, which is positive. The negative value
af "f"l is partly due 1o the presence of ::u_'ga,ti\'cl}'
chargc\d proteins (anions) which are rrapped in the
ICFE, because they are toa large to diffuse out of
the cell.

As described above, ¥ is dependent on concen-
tration gradient of K*, and thus is close 1o the K*
equilibrium patential I:"'.i~ ol What is the difference
berween the two p-mcnr[.':]s. V. and V¥ The value
of V. is influenced by the ion species with the grear-
est permeabilicy (often described as condecranmee) an
rest ie. K*. Thus, K' diffuses easily through fon or
*leak’” channels which are fully open ax rest, allowing
ourward downhill diffusion of K2, Thus, loss of cati-
ons or positively charged K* leaves behind more
negatively. charged anions inside the membrane,
making V. negative, In comparison, Na® permeabil-
ity is low at rest and so V' is far away from Vot
Hence V' ean only be as negative as 1"':.. e Bur how?
To explain this, we need 1o remember that equilib-
rium  potential, cecirechemical equilibrium  or
reversal porential for B can be described as the
membrane |‘|n::|l1.:l'|Li.I|- {"-"m] at which the ne v
through any open K channel is 0, In other words,
the chemical (concentration of ion) and elecrrical
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{charge en the permeant ion) are in balamce. This

elecrrochemical or equilibrium potential for cach

ion specics can be caleulared wsing the Mernst equa-
tion. Using this cquation, the V. 5 is approximarely

-88mV and thar of Nl 'Lppmxlrmn;ly B0 mW

Thus, the measured V. which is approximarely

S mV is close 1o the calculated equilibrium poren-

tial of K* of ~-88 mY.

The resting potential is mainmined by the action
of the elecrrogenic MNat-K*-ATPase pump, which
actively extrudes 3Ma® ions for every 2K ions trans-
poned simulmneously into the cell.

Inhibition of the decrrogenic pump by drugs like
i11|:|i:l.ti|:| :111| :Iit_;ii.l.lih {{JI‘:“:}L glﬂ.midun} Wi]! CALSE
intracellular accumulation of Ma* or a correspond-
ing decrease in K* Such an inhibition would disrupr
the concentration gradient of each ion, and the
upstroke of the acrion potenrial would be prevented,
lcaving the person unable to respond o any stimu-
lus, which could be Faral.

A deviation from the resting potential will give rise
to action potential, invalving volrage-gared Ma® and K
ion channes in the cell membrane, as described carlier.
The events are summarised in Figure 2.4a and b.

1. Ret: All volagegared MNa* and K° channels are
closed (bur leak channels are sill open, allowing
K* to diffuse our of the cell. The voltage-gated Ma®
channel has two gates: the acrivarion gare and the
inactivation gate. In the resting state, the activa-
tion gare is closed bue the inactivation gave is open,
making it impossible for Na® 1o enter the cell. The
voltage-gated K channel, on the other hand, only
has onc gare, which is closed; ar rest, F0mVY,

2. Depolerisacion: When a stimulus like pain or raste
is perecived by the appropriate sensory recepror,
an electrical disturbance occurs across s cell
membrane, depolarising the membrane from s
carlier resting ‘polarised’ state. This ciuses an
increase in MNa® permeabiliy and makes che inside
of the cell membrane less negative or more posi-
tive. This canses bath activation and inactivation
gares of the volage-gared Na' channel ro open
{note thar the inactivation gate was already open
in the resting stare), allowing dilfusion of Ma® into
the cell. A small inward Ma® current is produced,
which further dqml:m'm the cell membrane.
When the depolarisation reaches a erirical thiesh-
old around =55 m¥, more activation gates open o
allow further influx of MNa® via positive feedback,
until all activation gares are open. At this poine,
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the permeabilicy of MNa® is 1000 times greater than
it was at rest. The V' overshoots to +30mY (bur
does not quite reach the Na® equilibrium poten-
tial of + 60 mV). This is the upstroke of the action
porential. Local anaesthetics like lidocaine offer
pain conirod by blocking voltage-gated Na
channels in a reversible manner to prevenr action
porcntials. Similar effects are produced by
Tetrodotoxin {2 toxin from the Japanese puffer
fish). This means the person will be unable o
respond oo a pain stimulus while under deneal
[rEatment.

3. Repolarision: The Ma* activation gates close rap-
idly. As the V_ reaches DmV, the slower Na®
inactivation gates begin o close, while voltage-
sensitive K° gates open. The permeabilicy of Na®
(I} decreases, thus terminating the upstroke of
action potential, in -1ms, The opening of K*
channels ciuses an increased permeabiliny of K
(P}, causing an efflux of K* our of the ecll. The
combination of closing Ma* inactivation channels
and opzning K* channcls makes the K* con-
ductance much higher than the Ma* conductance,
giving rise o an ourward K current. This repolar-
ising of the membrane causes the downward
deflection (downstroke) of the action potential.
The chemical tetracthylammonium (TEA) blocks
voltage-pared K* channels and thus the ourwand
K" current.

4. Hyperpolarisation (or afterpotential or under-
sheer): Owing o the high P, and slow closure
of voluage-gared K* channels, there is a continu-
ous efflux of K* for a shore time following repo-
larisation. The efflux exceeds that seen ac rest
and undershoois (goes beyond) resting poren-
tial of ~70mV, reaching a value of -88mV,
therefore  called  affer-byperpolarising  plhase
(Figure 2.4b). The afterporential approximates
the K* equilibrium potential. When all K* chan-
nels close, the eell membrane returns to the rest-
ing level. The membrane may be ready o
generare another action potential if a stimulus is
applied and the cell is nor in the “absolute refrac-
tory period’.

Refractory Period

The refractory peri time period when the
cell is unable o bNeAM oA RetTom 'pnnﬂ‘ﬂhl irre-

spective of th ﬂ%ﬁ%ﬁpmﬁﬁm\n“ is

aD3TNMMdGs




18/ Essenlial Physiology for Dental Students

(a)
Infiow ol sodium ioes (na’) causes the depclanslng phase. and outliow of po ond (K*) th repolanising phass
of an action pakengial
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Figure 2.4 (g) Changes in ion flcw through volage- galed channels dusing the depotarising and repalarising phases
E‘;;;"nm polental. Leak channals and sodium-potassium pumps are not shown. Source: Tortora and Dherrickson
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Figure 2,4 (Continued) (b} Action potental or impulse. The action potenbal arises at the trigger Zone (here, at the
uneton of thi axon hellock and the instial segmant) of the neuronal cell body, which propagates along ths axon 1 thi
axon terminals, The grsen and yellow regions ol the neuron indicate parts thal typically have vollage-gabed Na® and

K* channals (axolemma and axon terminals). Sowce: Tortora and Dernclkson (2017).

called the absalure refracrory periva. The absolute
refractory period is usually between 0 and 3 ms.
This is becanse depolarisation canses all Ma* inacti-
vation pales to close uneil :|'|:E:l|:s|.|.ri\.1.t]nl1 5 coim plq:lr.':.
The time period following repolarisation, approxi-
mately berween 3 and 4ms, is called the refarive
refructory perivd, which overlaps with hyperpolarisa-
tion (Figure 2.4db). During this time. an action
porential can be evoked, but only with a very intense
stimulus, The strong stimulus will cavse the rapid
apening of Na® activation gates and the firing of an
action potential.

Generally, however, if an intense stimulus is not
applied. the relative refractory  period  cnsures
thar cach action potential is a separare ‘all or none’
phenomenon.

This is becavse, the negative ‘undershoot” is fur-
ther away from the resting porential, making ic dif-
ficult for the cell membrane o reach the threshold’
af =55 mY and firing an action potential,

Clinical Relevance

Individuals with high serum K* levels are unable o
elicir action porentials in response 1o a stimulus. In
paricnis with hyperkalaemia, a phenomenon known
as decentrodation is seen. 1 his is when the threshold
potential is bypassed, owing to the closure of Ma
inactivation gates that normally apen during depo-
larisation. Thus, the increased serum (exrracellular)
K concentration would result in dilfusion of K*

into the cell down its concentration gradiene. This
would make the inside of the cell membrne
positive, leading to depolarisation and a subsequent
firing of an action porential. However, this docs not
happen, because sustained depolarisation, paradoxi-
cally, closes Na® inactivation garcs. preventing an
action potential (similar o the absolute refractory
period). This results in muscular weakness due o
inability of muscles to contract.,

Transmission and Speed
of nerve impulses

In p'.-ri]_'rhc,-ml nerves, the impulses can travel rapidly
to great distances, along the entire length of an axon,
often = | metre long. The chemical events involved in
propagation of the nerve impulse are similar to those
discussed in Fig 2.4a, bur with some differences sum-
marised in Fig 2.5. The figure also compares the
speed of transmission between an unmyelinated axon
{Fig 2.3a, continuous conducrion) and myclinated
axon (Fig 2.5b, salatory conducrion) at 1 mesee,
Smusce and 10msec intervals.

The events in impulse propagation are initiated
in the axon hillock or rigger zone of newronal
cell body in both unmyelinated and myelinared
axons, ar lmsec. The stimulus depolarises the
trigger zone causing a flow of MNa* lhmugh
voliage-gated channcls to produce an inward
flow of positive current through the axoplasm
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{the intracellular surface). Simultancously, posi-
tive charges on the outside (extracellular face) of
the axon fow back towards the depolarised
trigger zonc serting up a local circuir (insers in
Figure 2.5). As the positive ions move down their
concentration gradients within the axoplasm, the
loeal current spreads ro the next “inactive” region
of the axon and is conducred along the length of
axon withourt inrerruprion. This is called contin-
wous conduction in an unmyelinated axon and
can be seen at 5 and 10msec.

Local currents alone would be unable 1o prop-
agate the action potential because energy would
be lost along the way, thus preventing the firing
of an acrion potential. Howewver, this does
not happen. Why? Because large fibre axons arc
myelinated and when localised currents
reach volage-gated Na® channels in the Nodes of
Ranvier, depolarisation would occur. increasing
permeability of Ma®. The influx of Ma® inta
the axaplasm, would make the interior of the

axolemma positive and eveke an action porential
in the active regions (at the nodes where MNa* enters)
of the axon.

Consequently, the increased concentration of
Ma* in the “active region” wauld cause a local our-
rent o spread and depolarise the nexe “inactive
region” further along the axon. This cycle would
repear itself thus propagating rthe action porential
down to the axon terminals. MNote thar the action
potential is only evoked at the Nodes of Ranvier.
The magnitude {amplitude) of the action potential
remaing constant, from st (trigger zone) to Anish
{axon terminals). In the meantime, the axonal
membrane behind the active zone would become
reftactory, to prevent backward conduction of the
action potential. In the acrive region, K* diffuses our
of the axoplasm, thereby repolarising the axon,

The distance travelled by an impuolse in a
myelinared axon is much greater than the distance
travelled in an unmyelinated axon at Smsee and
10msec (Fig 2.5).

(&) Contifus conduchon

{b) Salatory conduction

Figure 2.5 Propagation of action potential in a nownon, Dofled lines indicate ionkc cument flow along the direction of
the armcw. The insets show local curment circuits, (&) In confinuous conduction, along an unmyedinated axon, kanic
curments fiow across each adjacent segment of the membrane. (b) In saltatory conduction, along a myeknabed axon,
the action polential (nerve impulse) at the first node of Ramier generates lonic curmants in the cylossd and intarstitial
fiuid that open voltage-gated Ma: channels in the axciemma at the second node, and 5o on al each subsequent
nocie, Thius action potential jumps from node 1o node. Source: Tortom and Demickson (2017),




In myelinared axons, the action porential “jumps”
from node to nede incrcasing the rate of impulse
conduction. This phenomenon is called mfmm;y
conducrion (Fig 2.5b) Action porentials are evoked
at the nodes, due ro the availability of a large num-
ber of Mat and K° voltage gated channels.
Additionally, the node of Ranvier exhibitss low
resistance to current flow due to it lack af myelina-
tion, which would otherwise impede impulse gen-
eration. This is becawse the farry myelin sheath, acrs
as an elecrrical insulator to increase membrane
resistance (and decreases membrane capacitance} on
the ourside of the axon 111..|.'||;1'||1_-r it difficulr 1o d:pﬂ-
larise the membrane and fire an action potential,

The presence 11:|-|::|}'|:'|i1| ix alse beneficial because s
insulating propertics protect the axon from the spread
of dectrical current 1o unintended mrger cells.

Clinical Relevance

Local anaeisheric drugs are used 1o achicve pain con-
trol during a varicty of dental operative procedures.,
Administration of local anacstherics via  denral
injecrions causes a reversible blockage of sodiem
channels in the nerve membrane in the tissues ar thie
injection site. This leads to impairment of nerve
impulse conduction, thereby providing adequare
pain control (analgesia) allowing a painless denial
Lreatment.

Newralgia is a pain emanating from a nerve, The
commonest neuralgia affecting the foe and oral
caviry is srigeminal wewralgia. It is characerised by
severe, sharp electric and shooting pain in the dis-
tribution of the trigeminal nerve. The pain is par-
oxysmal and eecurs in bouts lasting for a few
seconds ro a few minures, Although it may not
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have an identifiable cause, it may result from com-
pression of the trigeminal ganglion in the brain by
an aberrant blood vessel. Meuralgic pain is caused
by rapidly firing neurons and does not respond o
routine pain killers. Neuralgia is often managed
by membrane-stabilising medications  which
selectively block nerve impulse conduction in
rapidly firing neurons.

Muliiple selerosis 15 a demyelinating  disease
affecting the CMS. It may result from immune
destruction of the myelin-producing cells. Lack of
myelin impairs nerve impulse conduction leading
o a variery of sensory, motor, visual, and auro-
nomic deficits. In addition, patients of multiple
sclerosis may also present with features of rigemi-
nal neuralgia.
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CHAPTER 3

Muscle Physiology

Elizabeth Prabhakar and Kamran Ali

Key Topics

= Structure and classification of muscles
8 Organisation and functions of muscle tissue

Learning Objectives

To demonstrate an understanding of the:

® Microscopic structure of skeletal and smooth muscles

u Mechanisms of muscle contraction

m Organisation and functions of the neuromuscular junction
» Common muscle disorders relevant fo dental practice

Introduction

Locometion in living organisms is achicved by specialised cells called skeleral muscles
which have the unique abilicy 1 eonnecrand propel the organism forwards (and in many
ather directions). Much like the nerve cell, the muscle cell is also capable of eveinabiliey
through the generation of muscle action potentials (trigeered by nerve stimulation with
the exceprion of the cardine muscle). Other propertics of the muscle rissue are: extensi-
bility, which allows museles vo strerch within limies withoue causing damage, and eloicity,
which allows muscles to recoil and return 1o resting lenprh after a period of strerch.

Types of Muscle

There are three rypes of muscle: skeleral, cardiae, and smoenl {Figure 3.1). The skeleral
muscles are under veluntary control and are responsible for movements and stabilisacian
of the body. They also act as merabolic organs and contribure o hear pencration.

Erventanl %Jwb;‘rﬁ.r Brentad Stivddenis, Ficit Edigion. Bdired h‘v Kamran Ali and Elizabeth Prabhakar,
i 201% John Wiley & Sons Led. Published 2019 by John Wikoy & Sons Lid,
Companion website: waavawileycom/galalif physiology
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SHELETAL MUSCLE
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Figure 3.1 Siruciure of difisrent muscle types: skelatal, cardiac, and smocth muscle. Source: Torfora and Darrickson

(2017).
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In addition, they also protecr the internal organs.
The cardiac muscle (myocardium) is involuntary in
marure (Chaprer 4). Smooeth muscles are also inval-
untary and are found in hollow orpans like blood
vessels and visceral organs such as the gastrointestinal
eract (GIT), where they regulate blood flow and help
in digestion respectively. Under the microscope, shel-
ctal and cardiac muscles appear striated or striped,
while the smooth muscle shows no striations,

Anatomical Organisation
of the Skeletal Muscle

A skeletal muscle is 5o called because it is amached
to the bones of the skeleton b}r luugh fibrous connee-
tive tissue called remalons (Figure 3.2), which conlfer the
propertic of Bexibility and extensibility. The anganisa-
tion of all three musele rypes is similar. A transverse
section through the musele (Figure 3.2) shows thar
the musde is surrounded by a layer of conneciive
tissue (fascia) called epfmnainm, The largest musde
is divided into a number of discrete bundles called
Sfasricles. Each fascicle is also surrounded by a layer of
connective tissue called perimmysinm, Each fascicle b
made up of a number of minsele fihres which are
enclosed by conneaiive tissie called endomysinm. Each
muscle fibre, in mam, is cumpumd of thinner miyufi-
h,ril.s. E.-]ch r|1.}u['|1.‘|li] is llildrl!' up l:l!- Ilh}'nmarncnu;.

Microscopic Organisation
of the Skeletal Muscle

Each muscle fibee is a multinucleare, funciional -
yrinmn (Figures 3.1 and 3.3) arising from the fusion
of smaller mesodermal cells, Such an arcangement

makes it possible for the muscle fibre w conrrace
as a single wnit and generate the necessary force
required to lift heavy objects or generate speed and
endurance for athletic evenis,

Each muscle cell is surrounded by a cell mem-
brane known as sarcelentma, which invaginates into
the cell to form transverse or T-tubules. These
tubales are the microamatomical struciures responsi-
ble, for the spread of muscle action potentials and
further depolarisation (Figure 3.3). As muscle cells
are metabolically active, they contain a rich store of
glycogen and myoglobin in their sarcoplasm for the
production of ATP (adenosine wiphosphate) neces-
sary for muscle contraction.

The muscle cell cyroplasm is known as sarcoplasen
and containg numerous myofibrils, surrounded
by the sarcoplasmic reticulum {endoplasmic reticu-
lum}, which sequesters Ca™ necessary o initiate
muscle contraction. These myofibrils are arranged
into discrete units called - sarcomerss, bounded
by Z-lines 1o demarcate adjacent sarcomeres
(Figure 3.4). The sarcomere forms the basic con-
tractile unit and shows a characreristic “banding’
patrern of ‘light” and ‘dark’ bands, containing the
contractile proteins actin and myosin, respecrively.
Thess bands appear as siriations under the micro-
scope in the cardiac and skeleral muscle (Figure 3.1).
The dark or A-bands are made up of thick myafila-
ments, containing myosin. The lighr or [-bands are
composed of thin myofilaments, containing the
actin, located on either side of the A-band, Thin
myofilaments are anached 1o Zalines which, course

I|:|r|:r|.|.E]| the cenire of cach -band and form the
boundaries of a single muscle cell or sarcomere on
cither side.
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Figure 3.2 Organisation and structure of the skeletal muscle. Tendons attach the skeletal muscla to the bone.
The muscle organ is divided into numerous bundles called fascicles. Each fascicle consists of a number of muscle
fibras (or calls), which in turn contaln many myofibrils, made up of thinner myofilaments. Each component of tha
skelotal muscle is covered by its cwn outer layer of connective tissue: the spimysium, perimysium, and endamy-
sium respectivaly. Source: Tortora and Darrickson (2017).

Muscle cells are designed to contract. This:  the muscle fibre (Figure 3.4). Another region, the
happens when the Z-lines pull the thin actin myo-  H-zone, is siwuared in the centre of the A-band of
filaments inwards, 1o {'IW:FI-'-"P with the thick II'I.}Wi.I'I each sarcomere and does not Conin any thin Gila-
myofilaments, gowards the A-band, thus shorening ments, making it easy for overlap or cross-bridge



26 [ Esseniial Physiology lor Dental Siudants

B

(B) Drpanitaisn of & koo

Sarcopinimic nlicula™

Huglous

Thick flirsweid (o)
Triag Than (Earmant [Bctn)
TraT ety
Tuiade
Tarmanad
Catpmny

(iz) Detaks of a muschs L

£ s

Figure 3.3 Microscopic onanisation of skaletal muscie, Muscles arise from ihe fusion of myobiasts. The
sarcolemma or muscla coll mambrane has numerous folds which form a system of transverse lubules or T-

tubukes, through which the rapid transmission of muscle acticn potentials takes place. Source: Toriora and
Denrickson (2017).

formarion during muscle contraction. The thick
myosin filaments are connected twgether at dhe
M-ling in the middle of the A-band. Al sarcomeres
throughour the entire length of the muscle fibre
contract simuliancously 1o shorien the fibres. This

is called the siding filanrent mechanim, which is
discussed later in the chapier.

Structure of Contraclile
and Regulatory Proteins

Myosin and actin are comractile proteins, The thick
myofilament proein, myosin has a ‘globular head’
and a long ‘wil' (Figure 3.5a). The myosin head
cmbeds an actin-hinding site and an AT Pase-binding
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Figure 3.4 Ulirastructure of the muscle fibre, showing lghd (1) and dark (A) banding patterns, giving the muscle a

striated appearance, The bands contain contractile proteins. The |-bands contain the thin actin myofilament and thae
A-bands contain the thick myofilamant, Sowrce: Tortora and Derrickson (2017).

site (the site where AT hydrolysis ocours). Both these
sites help with cross-bridge formation during muscle
contraction. Thin myofilaments are made up of three
different proteins: actin (the contractile protein) and
the owo regulatory proteins tropomyosin and tro-
ponin. Actin is a globular protein and has two myo-
ﬁl:-binding sites. AU rest, [roponmyosin blocks the
myosin-hinding sites thus preventing cross-bridge
formation and muscle contraction (Figure 3.5b), The
third prorein, rropaenin, isa complex of three proeins:
T, I, and €, which are located ar intervals along the
ropomyasin lilaments. Troponin-T is necessary for
auaching the tropenin complex o tropomyosin.
Troponin-1 (in conjunction with rropomyosin) inhib-
its binding berween actin and myosin: by blocking

myosin-binding site on actin. Troponin-C binds to
Ca® 1o initiate muscle conoaction.

Cytoskeletal or Structural Proteins

Structural proteins, like titin and dystrophin, ane pre-
sent in the muscle cells (Figure 3.4 only shows the pro-
vein irin). Titin is the largese prorein. Ivis highly elasric
in natre and extends from the M-line along the
length of the myosin myofilaments o Z-dises on
either side. Titin helps with elastic recoil of a strewched
muscle and also in complex sipnalling pathways in
response o weight lifting. The function of roskeletal
proteins is to maintain sarcomere stability and also
anchor sarcomerss of adjacent myolibrils waether,
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Figure 3.5 Structure of contractiie profeins (a) myosin, thick myefilament with the two binding sites, one for actin and
the other for ATPase (b) actin, thin myoilament with two binding sites for myosin, At rest the myosin-binding sites ara
Ibtocked by the regulatony prodein tnopamyasin which forms & complex with troponin to prevent cross-bridge formation
and thus muscle contmciion. Source: Tortora and Demickson (2017).

Tropormyosin  Myosin-bending sile
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This whole myofibrillar array is arached 1o the sarco-
lemma by another imponant protein called dyprrgplin,
Individuals with ne dystrophin or a faulry dystrophin
will have muscular dystrophy, leading to weakness and
loss of architecture of skeleral muscle mass.

Contraction of the Muscle

Mechanical Aspecis

The contraction and relaxation states of the muscle
are illustrated in Figure 3.6. Notice how the length
of the muscle shomens in the contracted state with
corresponding changes in the width of the different
bhands (discussed below).

Muscle contraction takes place when the actin
filaments on both sides move inwards towards the

M-line, sliding past the stationary myosin fila-
menes (overlap) pulling the Z-discs along with
them and shortening the length of the muscle
fibres. The contraction decreases the width of
the H=zone and I-band. The actual width of the
A-band and the length of myosin filaments remain

the same.

Molecular Aspects: The Sliding
Filament Mechanism

Ar rest, the muscle fibre is unable w conrrac
because the myosin and actin myolilaments cannon
bind to form a cross-bridge. This inability to form a
eross-bridge is because the myosin-binding sites
on the thin actin myofilaments are blocked by the
troponin -rropomyosin complex.
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Figure 3.6 Sliding Mament model of muscle contraction. (a) Relaxed muscle with no ovarlap bilwesn achn and
mycsin, Muscla fibre at rest and not contracted, (b) Partally contracied muscle, with soma degres of overlap
between thick and thin myofilaments. Lengih of muscle call is slightly shorar than at rest. (c) Maximally contracted
muschs, wilh actin Maments from both sides fully ovarlapping myosin, The langth of muscle shostened congider-
ably, owing o irward movement of Z-dises being pulled inwards by the actin Maments to which they ane atached.
The widths of -band and H-zone have decreased. Sowrce: Tortora and Derickson (2017).

However, when a musele fibre is depolarised by a
nerve action potential, Ca™ is released from the
sarcoplasmic reticulum, which binds to troponin €.
This binding moves the roponin -tropomyosin
complex aut of the way to uncover the myasin-
binding sitc on the actin molecule for cross-bridge
farmation,

Figure 3.7 shows the sequence of evenis involved
in the sliding filament mechanism.

1. Ax rest the myosin is said o be in an encrgised
position. This means that an ATP molecule is
hydrolysed into ADP+ P, (adenosine diphos-
phare and inorganic phosphate) at the ATPase-
binding site in the myosin head, The ADP
and T—'. remain artached o the myosin head,
putting ivin a 20 or cocked position {stored
potential energy).

2. Mywosin binds to irs binding site on the actin
myofilament to form a cross-bridge 1o release
the P,

3. The cross-bridge or myosin head swivels o 45°
(power stroke) pulling the thin actin myafila-
ment along with the Z-line inwards to the
M-line or centre of the sarcomere as described
carlier. This movement is analogous o the row-
ing action of a boat, which releases the ADP
from the myosin head.

4, A fresh molecule of ATE binds to the myosin
head ro detach it from the cross-bridge.

If no ATP is available, then the myosin head
remains attached to the actin myofilament and
rigoeer mareis (stiffness) sets i, as seen in death,
i.e. the museles are In a permancnt state of
contraction,
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Figure 3.7 The Sliding filament mechanism. Describas the contraction cycle of the skelatal muscle. Source: Tortora

and Derrickson (2017).

In the living muscle, rigour lasts for a very
bricl period.

Muscle Relaxation

This takes place when Ca® is removed and retuemed
to the sarcoplasmic reticulum. This allows tropao-
myuvsin o slide back and block the actin-hinding
site. As the cross-bridge releases, the dlasiic fibres in
the sarcamere recoil, retuming the muscle o is
original length or resting stare.

Since a skeletal muscle can only contrac when
stimulated by a neeve impulse (termed merrogenic),
we necd to understand the sequence of events which

occur at the syaapse (the junction berween the nerve
and muscle, also called the newromescular function,
or MMJ) and couple this o the subsequent process
of muscle contraction (the sliding filament mech-
anism). The entire process is called excivation-
contraction or E-C conpling in the skeleral musele.

Meuromuscular Junction (NMJ)

The bea-studied example of synaptic rransmission
is the NM). The MM] is a specialised chemical
symapse found in the periphery. The strucoere of
the ] idt[riclq:l:l in Figure 3.8) shows the axan
collateral of a somatic motor neuron. A single motor
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Figure 3.8 Neuromuscular jurction. {a) Axon collaterals of maolor newrons synapsing with muscle sarcolemmas

(b} the arrival of a nerve impulse causes neurctransmitter ACh release ino synaplic chafl; (c) binding of ACh to its
specific receplor giving rise fo muscle action potential. Also shows the breakdown of ACh lo prevent further muscle
depotarisation which would lead to sustained muscle contraction. Source: Tortora and Derrickson (2017).

neuron can innervate muliple muscle  fbres,
therely causing the fibres to contracy ar the same
time. The axon collareral has numerous enlanged
endings called symapsic bnufls (or boutons). These
contain seeretory vesieles filled with the neurorrans-
mitter acetylcholine (ACh). The area of the muscle
fibre opposite the symaptic boutens is called the
mater end plite and has approximarely 40 million
ACh receprors.

Excitation-Contraction (E-C) Coupling
in a Skeletal Muscle

Ar the MM]J, a nerve action potential will generate
a muscle action poteniial (Figures 3.8 and 3.9) as
follows:

Arrival of werve action  petential  releqses ACH
An action potential transmitted along the axon
collateral of the facial nerve will rrigger the opening
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Figure 3.9 Summary of evanis in the excitation-contraction mechanism of skedetal muscle fbre, Sownce: Tortora and

Derrickson (2017).

of voliage-gated Ca* channels in the presynapiic
membrane (Figure 3.8a), This will cause an influx
of Ca* from ECF into the axon terminals down its
concentration gradienr. Entry of Ca** stimulates the
secreiory vesicles in the synapiic bulbs 1o reloase
ACh imo the synapiic ceft via  exocyrosis
{Figure 3.8b). ACh diffuses across the synaptic cleft
towards the motor end plate (Figure 3.8c and
Figure 3.9, siep 1) of the buccinator muscle fibre,
for :x.a.lllp!:,

Activation of AChH receprors in pastsynaptic cell {motor
end plate of the sarcolenmma); The ACh melecules
released inta the synapiic cleft bind 1o the aceryl-
choline receptor (AChR) in the sarcolemma
(Figurcs 3.8c and 3.9, siep 2). AChR 5 a ligand-
gated channel, which requires the binding of two

ACh molecules (ligands) to activare ir. When acriva-
tion occurs, it triggers the opening of the MNa* ion
channel enclosed within its receptor complex and
allows passive diffusion of Na® inte the muscle cell,
down its concentration gradiemt (this is a rypical
description of synaptic transmission similar to that
which ocours in the central nesveus system). Ma®
depelarises sarcolemma.

Depolavisation of mcle cell membrgoe and mnsele
action potential Meanwwhile, depolarisation of the
sarcolemmia eliciis a muscle action potential which
is propagated through the system of Toubules.
The muscle action porential wiggers the release
of intracellular Ca® from sarcoplasmic reticulum
inte the sarcoplasm (Figure 3.9, seep 4), Ca** com-
bires with tropanin to initae muscle conraction,



as described under sliding filament mechanism
{Figurc 3.5, step 5-9).

Degriedation, renprabe, and reguebesis of ACH: In
order to prevent further muscle depolarisation and
second muscle acrion potenrial, ACh must be rap-
idly hydrolysed inro it components, aceryl and
choline, by the enzymatic action of aceryleholinest-
erase (AChE) in the symaptic defi (Figure 3.9,
siep 3). These components are unable o activare
the ACh recepror and so there is no further depo-
larisation and contraction. Hlowever, as both acetyl
and choline are useful produces, they are mrans-
ported back into the synapiic boutens, where they
recombine 1o form ACh. The synrhesis of ACh is
catalysed by another enzyme, cholfne aeetylining-

ferwre (CHAT).

The coordinated muscle contraction involving
groups of musdle fibres can be achieved in a syn-
chronised manner, owing 1o the central location of
thie MMJ in the muscle fibres. This allows muscle
action poentials w be propagared rowards boch
ends of the fibre, causing simultancous contraction
of the fibres in the Fascicle.

Smooth Muscle

These muscles are unlike the skeletal and cardiac
muscles, as they do not have siriations. Although
smooth museles possess thick and thin myofilaments.
these are nor organised into sarcomeres, with the
characteristic light and dark bands. Smoath muscles
arc involuntary,

Smooth muscles are found in the walls of many
hollow organs, like the bladder, urerus, vas deferens,
GIT, blood vessels, respiratory airways, eycs, and
skin. In the eyes, smooth muscle alters the size of the
iris and shape of the lens. In the skin, it causes pilo-
ercction. The other funcrions of smooth muscle are
matiliey and maintenance of rension. For example, in
the GIT, chyme is pushed along by wave-like move-
ments and in the bladder, urine is propelled along
the urerers. Smoorh muscles in the walls of visceral
organs and blood vessels also maingain tone or ten-
sion to prevent ‘collapse’ after emprying.

There are two rypes of smooth muscle: single-unic
{unitary) and multi-unit. The owo differ in location
and characreristics. The unitary type has elecrrical
synapses or gap juncrions, which are low-resistance
pathways enabling the Fist spread of action potentials
and synchronous contraction of muscle as a single
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unit. Single-unit smooth muscle possesses inherent
pacemaker activity or slow waves, which set the
rhythm or frequency of spontancous contractions, [F
this pacemakier acriviry is disrupred in the bladder, it
leads ro ‘overactive bladder” and incontinence,

Unitary smooth muscle type is found in the walls
af all visceral organs, except the heart (which has
cardize muscle in its walls), which are stimulated by
strereh during filling.

Multi-unit smooth muscle cells are nor elecrri-
cally coupled. As a result, contraction does not
spread from one cell to the next. Instead, it is con-
fined o the cell thar was originally stimulared.
Multi-unic smooth muscles are not stimulaced by
strerch but by newral stimulation by postganglionic
sympathetic and parasympathetic fibres of the
autcnomic system (AMNS), which regulare cheir
function. Multi-unit smooth muscle fibres also
respond o circularing hormones. This oepe of tis-
sue is found around large blood vessels, in the res-
piratory airways, and in the eyes.

The E-C coupling in smooth muscle iz differ-
ent from thar scen in the skeleral muscle (or
cardiac muscle), Because smoorh muscle cells do
nmor coneain troponin, cross-bridge formation is
not  regulated by the rtroponin-tropomyesin
complex bur instead by the regulatory protein
calmeodnlin. The Ca**-calmodulin complex then
acrivares an enzyme called myosin (light chain)
kinase, which, in turn, phosphorylates the
myosin heads. The heads can then atrach o
actin-binding sites and pull on the thin fila-
ments. The arrangement of the thin filamenes is
such that it causes the entire muscle fibre 1o
contract and bulge in the centee by a corkscrew
mortien, unlike the skeleral muscle.

As smooth muscle is not under voluntary control
like the skeleral musele, the axoans of ANS neurons
do not form the highly organised NM]s. Instead,
there exists a number of neurotransmitrer-filled
bulges called saricosities as the axon wraverses the
smooth muscle. A pariconty releases neurotrans-
mitters into the synaptic cleft (Figure 3.10).

Clinical Relevance

Myasthensa gnavis is an auoimmune disease which
causes progressive damage to the NMJ, chronic mus-
cular weakness, and fatigue. Antibodics against the
ACh receprors reduce the number of hinctional
receprorns ar the motor end plae, impairing the action
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Figure 2.10 Matos unils in smooth musele. A senes of aon-like Swelling, called vancosites of boulons, from
aulonamic neurons form moloe units throughout the smooth muscle. Source: OpenSiax (2013).
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af ACh and result in musle weakness and faiigue. It
occurs in'1 in 10000 people, and inidally muscles of
the face and neck are often the first 1o be affected.
The weakness of oye muscles can canse double vision
followed by difficulty in swallowing. chewing, and
speech as the discase progresses. [F left unireared, the
disease may paralyse limb and respimiory muscles.

Terany s a sure of susmined inveluntary
eontraction of muscles (Chapeer 19). This happens if
2 muscle is repeatedly stimulared. causing accumula-
tion of high levels of Ca** in the sarcoplasm (due w0
insufficient timee for Ca™ 1o move the fons back imo
sarcoplasmic reticalum). The clevated Ca®* resulis in
continued binding of the ion 1o roponin C and
cross-bridge formation, leading to sustained contrac-
tion calbed reramy, rather than juss a single owitch.

Cranial nerve mewropathies may vl from nerve
damage and lead to impaired motor andlor sensory
function {Chapter 21).

Bosslimm teocin reduces the release of ACh an the
nerve terminals and blocks neuromuseular 1rans-
mission, leading o flaccid muscular paralysis. It has
several clinical applications, including the rrearment
of the strabismus (Crossed cyes), spasms of vocal cord,
Elepharospasm {uncontrallable Minking), and over-
active bladder. Bowlinum toxin is aleo used for the
cosmetic treatment of facial wrinkles and acrs by
impalring the contraction of facial muscles,

Hypersropliy of the masseter mnseles may be caused
by waoth grinding habits (Bruxism) l1:nll||.'|ng in

facial ASFENITICLEY a'l‘l-vluﬂr a sqnui:i\h appearance “1'

the face (Chaprer 9). Gross massereric hypertrophy
may be treared by borlinum toxin,
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CHAPTER 4

Heart

Poorna Gunaselera, Kamvan Ali, and Elizabeth Prabbalbar

Key Topics

u Ovarview of the struciure and functions of the heart
B Common cardiac diseases

Learning Objectives

Te demonstrate an understanding of the:

m Gross anatomy, histclogy and properties of the heart

® Organisation of the pulmonary and systemic circulation

# Conduction system of the heart and the cardiac cycle

s Common cardiac indices

m Common disorders of the heart and their relevance 1o the provision of dental care

Introduction

The human hearr measures approximarely the size of a dlenched fist and could be
described a5 a toppled pyramid’ resting on its side, with the apex placed inferiorly and
pointing rowards the left anterior surface and the base pointing postcriorly (o the right.
This resules in almost two-thirds of the heare lying on the left of the midline, with the
right ventricle sccupying a major pare of the anterior surface deep to the chest wall.
The heart is located in the mid-thoracic space berween the owo lungs (mediastinum)
with the grear vessels (the aorra and the pulmonary trunk) exiting the base,

Gross Anatomy

The heart is essentially a hollow cavity surrounded by a fibromuscular wall and is
divided into four chambers separated by valves and sepra. This wall has three layers,
from superficial to deep: pericardium, nyocardivm, and endocardsum (Figure 4.1),

Fvpuial Phyviodogy foe Deneel Sewdener, First Edivion. Edited by Kamsan Al and Elirabeth Prabbakas,
@ 2019 John Wilcy & Sons Led. Pablished 2019 by fohn Wiley & Sons Lol,
Cnm{mﬂk!ll swehadie: nw.wilr:yml'ﬂ:h“{phpluhﬁr



38 / Essential Physiology for Dental Students

Portan of g and right venirscul
At of pericandum and liyees of bear wall

Figure 4.1 Layors of the heart wall. Source: Tortora and Derrickson (2013).
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The pericardium is composed of rwo layers:
the outer tough fibrous pericardium and the
inner serous pericardium. The fibrous pericar-
dium is continuous with the tunica adventitia of
the great vessels superiorly and fuses with the
diaphragm inferiorly. The serous pericardium is
itself made of two layers: the outer parieral peri-
cardium and the inner visceral pericardium. The
space between these two layers is filled by pericar-
dial fluid. The visceral pericardium is also called
the epicardium.

The middle myocardium is by far the chickest
layer and is almost entircly composed of the paren-
chymartous tissue of the heart: the crdiomyocytes
{ﬁ:ﬂiuqm}. The innermost endocardium is made
of a single layer of cells that is continuous with the
endothelium of the blood vessels entering or exiting
the heart.

Cardiac Chambers

The heare could be described as two individual
pumps (right and left) char are locared next 1o each
other. The four chambers of the heart consist of two

acria (upper chambers) and twe ventricles (lower
chambers). The atria have thinner fbromuscular

walls than the venricles, because blood is only
pumped a shore distance (atria ro ventricles). The
left veniricle has the thickest myocardium com-
pared to the other three chambers, because it has 1o
generate a forceful contraction (ro maingain high
pressure} in order to pump blood the prear distances
in the body.

The right side of the body carries denxygenared
blood, while the left side of the body carries oxygen-
ated blood. The left and right atria are separared by
the interatrial seprum. The intervencricular seprum
separates the left and right ventricles, ensuring that
deoxygenared blood and oxygenated blood do ner

mix.

Cardiac Valves

The atria and ventricles are conneeted 1o each arher
by epenings thar conrain valves 1o facilitare one-way
flow. These are known as atdoventricular (AV)
valves (Figure 4.2), The valve berween the right
acrium and right ventricle is known as the tricuspid
valve, and has three cusps as the name implics, The
valve between the left atriom and left venrricle is
the only one ta have ewo cusps, and is known as the
smiitral or Bicuspied valve.
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Figure 4.2 Carndiac valves_ Sowrce: Tortora and Derrickson (2013),

Similarly, the points of exit of the grear vessels
from the ventricles also contain valves, which are
named after the grear vessels themselves (ie. the
aortic and the pulmonary valves). Both valves have
three cusps each.

A the AV valves must resist the pressines caused
by venrricular contraction. they contain a series of
T::ligh fibrous cord-like tendons, known as ebordae
tenelinede (or commonly referred ro as heart
.-:uin.gx}. which anchor the margin ol the CUSPS [0
the underside of their venmicular surfaces, and
Prevent inversion backwards into the agefa. The
chordae tendineac are in turn attached o the ven-
tricular wall by papillary muscles, which conrract
during systole (venrricular contraction), therchy
tensing the chordac tendineae and thercfore the
valves, Some chordae rendineae may arise dircctly
from rthe myocardium or the interventricular
SCPLUTL.

Meurovascular Supply

The heart reccives postganglionic  sympathetie
sllppl}' from the s:,'mpnthc:ic chain which inner-
wvares most of the cardiac tissues. The postgangli-
onic parasympathetic nerves originate from the
cardiac pluxus, which is lecated very close to the
pericardium. This parasympatherie innervation is
mostly to the two main centres that are responsible
for mainsaining the cardiac rhythm;: the sinoatrial
(5A) and che AV nodes.

The myocardium is perfused by rwo coronary
arteries (right and left) char branch from the origin

of the aorta. The venous blood from most of the
coronary circulation collects into the great vein,
which drains into the right arrium thraugh the cor-
onary sinus.

The lympharic drainage returns excessive inger-
stitial fluid or lymph into venous circulation
from the right and left sides of the body via
lymph trunks, which drain into jugulars and sub-
clavian veins. The lymph eventually drains into
the superior vena cava via the right and lefi
brachiocephalic veins,

Pulmonary and Systemic Circulation

The right arrium reccives venous (deoxygenated)
blood via the superior and inferior pemse camse
{from the head and rest of body, respectively.
excluding lungs). Iv also receives blood from the
coronary sinus, which carrics venous blood from
the cpicardial circulation {the blood supply to the
heare musele irself). The right ventricle pumps out
blood into the pulmonary trunk, which divides
into the right and lefi pulmonary arteries, which
transport deoxygenated: blood 1o the respective
lungs for oxygenation.

The oxygenared blood from the lungs is returned
to the left atrium via four pulmeonary veins,
through pulmonary eirculation. The left atrium
then pumps blood into the left ventricle and then
into  the systemic circulation via the aora
(Figure 4.3). The separation of hearr circulation
into two divisions: systemic and pulmonary is
called dandrle circularion.
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Figure 4.3 Systemic and pulmonary circulation. Source: Tortora and Demickson (2013).
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Functional Histology

The Functional Cell: Cardiocyte

The myocardium is almost exclusively made up of
cardiocytes which are classified as involuntary mus-
cle. The cardiac muscle (Figure 4.4) is siriated like
the skeletal muscle (Chaprer 3). However, certain
fearures of the cardiac muscle are quite distiner and
dizcussed below.

A rypical cardiveyte has a single central nucleus
and is connected o many other cells tlm:ugh inter-
calated dises (Figure 4.4). The intercalared discs have
a step-shaped configuration with longitudingl and
transverse companents that are continuous with one
another. The irregular transverse components arc
thickenings of the sarcolemma, which are placed ar

right angles 1o the long axes of the cells and contain
desmosomes and connect enc cardiac muscle cell ro
another. The longitudinal components, which run
parallel to the length of the cardiocyre, conuain gap
Junctions (electrical synapses), which enable mpi-d
ionic communication berween adjoining cells, caus-
ing contraction of the cardiac muscle as a coordi-
nated single unit. This funcrion is facilitated by the
mevement of caleium, which is essential in rigger-
ing the depolarisation. The cardiac action potential
uniquely causes a contraction which lasts abour 15
times longer than the contraction of the skeleral
muscle, owing 1o the sustmined release of caleium,
and iz long refractory period which prevenis fatigue.

The cardiocyres contain numerous mitechondria
providing an abundant supply of energy 1o Gcilitae

rhythmic musde contracrion. The contraction is
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Figura 4.4 Histelogy of the cardias muscle. Sowrce: Tortora and Demcksan (2013).

brought abaoue by the overap of actin and myosin
myafilaments on cach other, which is very similar to
the mechanism seen in skeletal muscle contraction.

Conduction System

The conduction system originates in the SA node,
which is found close 1o the entry poine of the supe-
IO tenade caoae inro the right atrium {Figurc 4.5).

From here, the clectrical impulses (acrion porentials)
travel down inter-nodal pathways to the AV node,
which is sitwated in the lowest part of the interarrial
septum, The impulses are then carricd through the
interventricular seprum |:vy the Atrioventricular bun-
dle, also known as the bunadle of FHi, which is made of
a single right branch and nwo lelt branches. These
branches then divide ingo a serics of Purkinje fibres
which travel 11].1-\1’”4;13 o all sides from the apex aof the
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Figure 4.5 Conduction system of the heart. Source: Tortora and Derrickson (2013).

heart, very much like the spokes of an umbrella. The
electrical impulses can only travel from the atria o
the venricles through the AV node., The cardiac skel-
eton, which provides the frame for the four cardiac
vilves, prevents the passape of impulses through any
other locations.

Cardiac Contractility

54 Node Autorhythmicity
oF Pacemaker Activity

Though the hearr muscle is innervared by the
autonomic nervous system (ANS), it docs not rely
on nerve stimulation o initiate impulses. This is
because approximancly 1% of cardiocytes (auto-
rthythmic fibres or pacemaker cells) found in the
SA node (Figure 4.5) are inherently self-exciable
or myogenic, unlike the skeleral muscle, which is
nearogenic. A denerviaied heart will cominue 1o
beat. as happens during a trunvpuhl:l procedure.
Thus. the pacemaker eells ser the rhythm of the

heart to a rapid 100 beats per minute (bpm), which
is normally decreased o an average of 72 bpm, by
the release of acerylcholine from  postganglionic
parasymparthetic nerves.

Pacemaker eells are able to penerare impulses
spontancously because they have unstable or drifi-
ing resting potentials (pacemaker porentials},
owing ro sodium leakage through ‘finny channels’
in the cell membrane. The influx of sodium
through fiesay chanmels depolarises the cell owards
a threshold of —A0mV. At threshold, fast voltage-
gated calcium channels open and allow caleium
inte the cells to elicit paremaber action perentiol
{Figure 4.6).

These action potentials are transmiteed along
conduction pathways in the heart. When the wave
of cxcitation reaches the contrrcrile cefle (the “work-
ing’ cells) locared in the chambers of the hearr, they
are depolarised 1o produce comtrnectile action potes-
tials, which have shapes distinctive 1o these of pace-
maker action porentials. A comractile  action
porential has three phases which are tlup{l::lclll an
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Figure 4.6 Pacamaker potentials (green) and aclion potentiaks (black) in avorhythmic fibres of SA node. Source:
Tertora and Derrickson {2013).
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Figure 4.7 Action poleniials in ventricular contractile fibre (resting membrane potential ~90my). Source: Toriom
and Derrickson (2013).

the opening and closing of voltage-gated ion chan-
nels in the sarcolemma: Phase 1, upstroke of action
potential or depolarisarion due o sedium influx;
Phase 2, ‘plateau’ phase or sustained depolarisation

Cardiac Cycle

The rhythmic pumping of the heart enabled by the
‘eardiac cyele’, facilitates blood flow through the

cased by calelum influx, which stimulates the
release of more calcium the sarcoplasmic rericulum;
and, finally; Phase 3. repelarisition due o potas-
sium efflux (Figure 4.7). The contractile action
potentials initiare systolic and diastolic events in the

cardiac cycle.

vessels of the systemic and pulmonary circulatory
systems. The main evenis associated with the cr-
diac cyele are arrial systole, verricular systole and
diastole, described below (Figure 4.8).

The cardiac cyele, which i initiated by the pace-
makier activity, results in action potentials which can be
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mml'duhsmdmmmrdiusmm (ECG). The ECG has  ventrices (called “asriod dick”), which occurs in the
charcreristic waves: the Pounve (Figure 4.82, poine 1), phase referred to as diastole. Please note thercfore, that
which triggers the contraction of arria in a 'domino- atrial systole eccurs during ‘normal’ diaswole. The
like’ fashion, o propel blood contained within the atria impulses thar originate from the SA node travel down
towards the open atrio-ventricular orifice. This cvenr s 1o the AY node using rwe roures (i) fast internedal path
named atria! grsole (Figare 4.8b, point 2), which marks and (i) the sower passage via surface membranes of
the final empeying of the blood from the atria to the contracting atrial crdiocytes.
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Figure 4.8 Evénts in & cardiac cycle. Sourca: Torlora and Derickson (2013).




At the AV node, there is a pause (dubbed AV
nedal delay} in impulse conduction of 100=120 ms
er 0.12s, which is viral for the amria o complete
their comtraction. The blood thar pools in each ven-
triche at the end of arrial systole is known as the end-
dinstolic volume { Figure 4.8d, point 3). The AY
node now ‘releases’ the impulses, which travel rap-
iclly doven the Bundle of His towards the apex of the
heart to fan owe in all dircctions, wowards the base
via Purkinje fibres, to depolarise venrricles. This
cvent is marked by the QRS complex on ECG
(Figure 4.8a, point 4}, which leads ro venericular
.\_'.*.11|.r|1: or the contraction of ventriches.

The contracting venericles force the blood towards
thee base, making the cusps of the AV vlves o move
upwards till their margins come to oppose one another,
Further comtraction forees the valve cusps ro shurand
prevent backllow of blood o the atria (Figure 4.8b,
peint 5). Valve closure also produces the firse ‘b’
heast sound (51) as shown in Figure 4.8c. In this,
systolic phase, the ventricular pressure continues to rise
[owing 1o the contraction of the chamber wall) with-
out producing a concomitant change in blood volume,
called fopalupretrte contrection I:F'iglm; 48!:}

The ventricles continue to contract even after the
AV valves close, which further increases ventricular
pressure until it overcomes the pressures within the
g:q:il \'I.,'.'\:S‘.{:Ih {i.u. AOFEa uh.l.l! |11:|1I1'|.|.l|:l.'||'}‘ :runk].
When the pressures within cach chamber exceed
those within the vessels, they foree open the semilu-
nar valves (aortic and pulmaonary valves), therchy
facilitating the passage of blood from the venericles
inte the grear vessels (Figure 4.8b, point G). This
resules in the ‘emprying’ of the chamber, though in
most instances some residual blood remains within
each ventricle. The heart continues o contrac
thraughout this period, where each venericle emp-
ties into the corrcsponding grear vessel withoue a
marked change of the pressures in cach chamber.

The contraction of the cardiac muscles ceases
with the completion of the passage of cach action
potential over their surface membrane. The period
of relaxation thar follews leads 1o a mpid drop in the
pressure within each chamber, The moment the
pressure within each chamber drops below the pres-
sures within their respective great vessels, there is a
tendency for the blood within the vessels o flow
back towards the chamber it was jUISE pumpq:d our
from; This back flow is prevented by the shurting of
the semilunar valves, i.c. aortic and pulmonary or
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pulmonic valves (Figure 4.8b, point 9). Closure of
the semi-lunar valves produces the second heart
sound known as ‘dub’ {52} as shown in Figure 4.3c.
This marks the end of systole. The volume of blood
remaining in each chamber at this poine is known as
the end-netolic vofume ((Fipure 4.8d, point 7). The
repolarisation of the ventricles, in preparation for
the next wave of depolarisation, is marked by the
T wave of the ECG (Figure 4.8a, point 8).

Despite the heart no longer ‘pumping blood’
actively, the blood flow continues in the venous
compartment helped by forces such as the contrac-
tion of surrounding tissues, especially muscles.,
Moreover, the negative thoracic pressure caused by
inspiration also helps “suck” blood back towards the
atria. This resules i a passive filling of the heare: the
period of diastole.

The eontinued drop in ventricular presures dur-
ing diastole will lead 1o a poine where the pressures
are below those in the respective arrin: This period
where the pressure within the ventricles continues
to drop withour any change in the volume of blood
containgd within them is called sovolumetric relax-
ation. (Figure 4.8¢)

The moment intraventricular  pressurcs drop
below thar within the arria, the AV valves are pushed
open towirds the ventricles (Figure 4.8e, poine 10),
thereby ushering the filling of the ventricles, with-
out any change in pressure (as the ventricles expand
passively), the period of isotonic relaxation. This
period is ended by the new initiation of an impulse
from the SA node, leading 10 a new wave of arrial
contraction, the atrial diastole.

Cardiac Indices

The various phases of cardiac conraction give rise
to indices that are vital in assessing the health starus
of individuals. For instance, the period berween two
cardiac contractions (i.c. one cyele of systole fol-
lowree by diastole) is known as a candiae gele. The
rotal number of cardiac cycles per minute is known
as the heart rate. The volume of blood pumped out
from one ventricle (conventionally the left) during
one systole is known as the strake volunte (SV). The
total amount of blood pumped from one ventricle
{conventionally the left) per minure is known as the
cardiac outpue (CO).

This leads ro the equation: €0 = HR = SV While
there could be individual variarion, as for instance
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seent in. professional athleres, the heart e of a
healthy adult ranges generally between 60 arnd
100 bpm, The stroke volume may range from 60 1o
10 ml per minure. This trandares into 2 cardiac
output of between 4 and 81+,

Various ather indices, such as ejection fraction of
each ventricle (the valume of blocd pumped ou
during systole as a fraction of the volume of blood
that filled the chamber ar the end of diastole), are
also used when evaluating eardiac function.

Other Functions

In addition 1o the main function of pumping blood.
the heart also contribures ro the endocrine sysiem.
It does so through specialised cells that secreie arrial
narriuretic peptide (ANP) from the righe atrium
and brain naerivretic peptide (BNP) from the
venrricles. Both ANP and BMP funciion as nau-
ral opponents 1o the actions of angiotensin 11
(Chapier 17).

Clinical Relevance

Lichaemic heart disease (IHD) is a group of condi-
tions which resulis from a reduction in coronary
bleod flow and is the commonest rype of cardiac
disease. IHD presents with acure chest pain which
may radiate to the shoulder, back, neck, and the
lower jaw. Parients with [HD are often prescribed
Bloed thinners 1o reduce the risk of cardiac events
which increase the risk of bleeding during dental
surgical procedures (Chapter 16). Stress and anxiery
associared with denmal trearment may precipitate
acute chest pain in paticnis with a history of IHD
and constitute a medical emergency.

Cardiage arrest is a potentially fatal condition
characterised by loss of consciousness due ro sudden
cessation of cardiac function. It may result from
cardiac or respiratory causes. Dental professionals
need training in basic life support (BLS) for the

management of cardiae arrest in line with the
national guidelines.

Paricnes with prosthetic heare valves and cerain
types of congenital heart disease are ar risk of bacre-
rial euelaciarditis (infection of the endocardinm) doe
ter bacteraemia from the oral cavity. Deneal profes
sionals need 1o evaluate the need for prophylacic
antibiotics in patients at risk of endocarditis by lhads-
ing with medical colleagues.

Steelden deatl: genetic discases caused by abmor-
mally shaped voliage-gated jon channels can result
in abnormal heare rhythms, like atrial Abrillation,
tachycardia or bradycardia. Undiagnosed condi-
tions could lead to cardiac arrest or sudden death
syndrome.
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CHAPTER 6

Circulation

Poorna Gunasekera and Kamvan Al

ey Topics

m Owverview of circulatory system
n Common disorders of the circulatory system

Learning Objectives

To damonstrate an understanding of the:

m Funclicnal organisation of the circulalory system

= Types and functions of blood vessels

u Regulation of circulation and blood pressure

m Common disorders of blood circulation and their impact on provision of dental care

Introduction

The circulatory system is made up of a serics of interconnecting tubes (blood vessels)
thar carry blood to and fram the heart, Togerher with the hearr, these form the cardfo-
wasealar systene, which plays a vital role in transporting nutrients to the eclls, carrying
away cellular waste products to excretory organs such as the kidneys, the lungs, and
thie liver. In addicion, the circulatory system contributes to the efficient funciioning
of the immune system by providing a mode for cells and celiular produces (such as
immunoglobuling) to move quickly throughout the body. Similacly, it provides an
essentinl supporting function for the endocrine system by transporting hormones. [t
further contribures to homeostasis by helping to maintain the futerder srilien via the
pH bulfering action of haemoglobin in the blood and the maintenance of body
Temprrature,

The different components of the circulatory system serve specialised funcrions and
are named accordingly. By far the largese of such arangements, the syerenrfe circnlation

Evseartial Ploysiolegy for Derntd Staderers, Finy Edivion, Edived by Kamean Al and Elizabeth Prabhakar.
© 2019 John Wiley 8 Sons Lul. Published 2009 by Joha Wiley & Sons Led.
Ciompanion websine: ww.wilq-.cumufgﬂaliffﬂnpiuluﬁ'
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(Chaprer 4), accounts for the transport of Bood
from the left ventricle ta all major argans of the
body (excepr the lungs) and its return o the right
atrium, The puferonsry gefem, in comparison, is
much smaller and facilitates the movement of blood
from the right ventricle o the lungs and its rerum
to the left acrium. The enrero-heparic syitem is
another imporrant arrangement whereby venous-
blood-carrying nurrients absorbed from the gastro-
intestinal (GIT) system are carried to the liver,

before draining into the systemic circularion via the

heparic veins.

Classification

The vessels that form the circulatory system are
caregorised as arreries, veins, and capiflaries. The
arteries are defined as vessels thar carry blood away
from the hearr, while veins are vessels that crry
blood towards the heart. These two systems of tubes
are connected peripherally through capillaries,
Owing o this nomenclature, the blood vessels thar
¢ blood away from the heart o the lungs are
classified as pulmonary arteres, even though' they
carry deoxygenared blood. Correspondingly, pul-
monary veins return oxygenated blood 1o the heart.
This is repeated in foetal circulation, where a single
umbilical vein carries relatively more oxygenared
Blood towards the foetal hearr, while rwo umbilical
arteries carry deoxygenated blood towards the pla-
centa, away from the foetal heart.

The blood vessels vary in calibre as well as thick-
ness. They can be described as having mulri-layered
wialls which progressively reduce in thickness as they
move away from the heart towards the intercon-
necting capillaries, which have the thinnest walls,
This arrangement is vital to the progressive increase
in blood volume found within vessels in close prox-
imiry to the heart, as well as to facilitate the exchange
of soluble components berween the Muid conrained
in the vascular compartment and fluid found in
tissuc spaces (interstitial fluid) in the peripherics.

The arterics therefore branch repeatedly discrib-
uting blood through progresively smaller calibre
(diamercr), forming grearer numbers of arterioles
(Forming the arerial tree) as they carry blood away
from the heart towards the capillaries. The venules
drain blood from these capillarics and coalesce w
form larger veins, thereby collecting progressively
greater volumes of Blood as they move towards the
heart. In systemic circulation, this arrngement is

completed by a single aorta thar leaves the left ven-
tricle of the hicart, and twao great veins, the superios
and inferior senae capae, which drain the blood
back ro the right atrium. A nerwork of capillaries
join the arterioles of the aorta and venules of the
VENAE CAVAL.

Functional Histology

All blood vessels, regardless of their calibre and
thickness, are lined on their intermal surfaces by a
single layer of squamous eells, eollectively called the
enderhelinm, which is continuous with the endocar-
dium lining the innermost surface of the heart wall,
Because this layer is in immediare contace with the
ood contained within the lumen of the vessels, it
is known as the swende duterna (and sometimes the
frendea intina). A basement membrane made up of
acellular marerial lies immediately an the exiernal
surface of the endothelial cells, providing mechamni-
cal support for the wnica intima. The capillary
walls are made up of only these two layers: the sin-
L'ular |:|:,n¢:|' of endochelial cells and surrounding
basement membrane (Figure 5.1).

Arterics and veins, in contrast, have further layers
of tissue contributing to their walls, A second layer
oftissue, comprising smooth muscle cells, surrounds
the tunica intima and is termed the sensas mreafia.
The layer of acellular marerial thar lics berween the
cells of the tunica intima and media is called the
fnternal elastie lamina. The runica media, in wurm,
has an outermost layer of tissue that helps artach the
blood vessels to surrounding tissue such as skeleral
musele. This laver is called the fumice externa (also
known as the runica adventitia), with another layer
of accllular marerial, the aoernef elaseic faming, lying
berween it and the inner tunica media.

The thickness of blood vessel walls is largely
derermined by the multipliciy of the smooth mus-
cles cells in the tunica media. As a mle, arteries have
more smooth muscles than veins. This arrangement
enables arteries 1o accommuadate the pressure of
blood thar is forcefully pumped out from the hean
during systole, by the active relaxation of smooth

musche, The veins, in contrast, by having a relatively
thinner wall, are able o expand w provide a space
for a greater volume of blood 1o be stored within
their lumen when it is not needed, a quality which
is recopnised in the term copacitence vegeli, The
areries are accordingly called repisnece veseels as
they resist the presure of blood pumped out from
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the heart. Cine other funcrional adapration in veins
iz that they have valves in their internal lumen; this
prevents the backflow of blood during its return to
the heart from the peripheny:

Determinants of Circulation

This arrangement of arterics carrying blood away
from the heart and veins rerurning thar blood, with
the two tubular systems connected ‘at the periphery
through capillaries. enables the continuous one-way
flow of blood and is termed cirealation. There are
several important factors ar play o Facilitare wnin-
rerrupted, conrinueus circulation and o prevent
sTagnation at any point.

Rhythmic Contraction of the Heart

The force for the propulsion of bloed through the
arterial free (the complex of major arteries dividi ng
im0 progressively smaller and more numerous
smaller arterics and arterioles, which ultimarely lead
to capillaries) is provided by the thythmic contrac-
tion of the hearr during ventricular systole. The
smooth muscles within arterial walls actively relax
immediately prior to the outflow of blood cjected
during systole, thereby distending the lumen within
the vessels, which serves 1o reduce the resistance the
heart would arherwise have to overcome.

Seon after the initial bolus of the cjected blood
volume passes a particular point in an artery, there is
a release of the elastic encrgy gencrated during the
process of active distension, leading to a contraction
af the arterial walls. This sequence of distension fol-
lowed by contraction facilitates the continuous How
of blood. This is achicved by accommodating the
rapid increase of blood valume during systole, and
then contracting o sustain sufficient pressure 1o
maintain the velocity of bleod flow during diastole,
when blood is no longer being pumped by the heare.
These changes are reflected in the systolic and dias-
tolic arterial blood pressure readings thar are widely
wsed indices in measuring cardiovascular health. This
‘pulse wave of distension followed by contraction of
thie arterics travels down the length of the arerial
tree. arginating from the root of the aora, and facili-
tates the rapid low of blood vowards the periphery:

While the events associared with the pulse wave
may provide sufficient force 1o propel blood {rom
the heart to the periphicral capillarics, it then faces

the challenge of Nieding means to return to the her
o maintain continuous circulation. As there is no
‘peripheral heart” ro propel bleod actively from the
capillaries vo the hearr, its recurn journey is facili-
tared by passive forces thar affect the venows com-
partment. These include the contraction of relatively
thin walled venous vessels by adjacent structures,
Marably, the soleus muscle, found in the calf region,
playz an invaluzble role in contracring che veins
within ir, especially when moving abour in an
upright posture, 4 property acknowledged by the
teem sheleral-muscle promp, While the compression
of the walls of the veins. owing to forces such &
muscle contraction, helps displace the blood within
their lumens, the valves ensure the displacement
anly sccurs in one direction, thereby facilitating the
ONe-Way flow af Blood.

Another fictor that coneribures o the retam of
venous blood is the negative intrathoracic pressure
caused by the expansion of the rib cage during inspi-
rarion. This literally helps suck the Bleod away from
the peripherics. such as the abdamen, back wowards
the lumen of the righe arrium. It is impaortant 1o note
that the heart irgelf does not actively coneribure to the
return of venous blood; venous blood fills relaxing
cardiac chambers during diastole.

Determinants of Arterial Blood
Pressure

While arterial blood pressure is a key determinant
of cardiovascular health, its increase beyond sfe
limirs is the defining feature of hypertension. In the
study of haemodynamics (the mechanisms of blood
Hlow), twe factors are recognised as the main con-
tributors to blood pressure (BP) in general. One is
cardiac ourpur (CO), which is a measure of the
blood velume pumped from ene veniricle (conven-
tionally the left) in one minute and the other is fos!
peripheral resistance (TPR, also known as systemnic
wienlar resistance, or SVR), which is a measure of
the resistance offered by the arerial rree thar the
heart must overcome to expel blood during systole.
The relationship between these variables is shown in
the equation BP = CO = TPR.

While rhis is not a2 mathematical equation, it
identifies the key variables thar can be altered when
atiempring o maintain BP within healthy limirs.
As CO s a dircct measure of the stroke volume
(5V) mulsiplied by heart rate (HR — bears per



minute), this demonstrates that reducrions in TPR
(which is largely dewermined by resistance in the
arterioles), 5V, or HR are all effective in reducing
the overall BE.

A multitude of feedback mechanisms plays a
vital role in mainining BP within physiological
limies. For instance, when a person stands up from
a recumbenrt position, this leads ro a rapid pooling
of blood in the lower exrremirties, owing to gravira-
tional forces, This results in a momentary Gl in the
volume of blood in the rest of the circulatory sys-
rem, leading 1o a drap in BE This is detccred by
pressure receprors (baroreceptors) in the carotid
sinuses and the arch of the aorra, afferent nerves
which relay this information to the cardiac cenire
in the medulla oblongara. This in turn leads o a
teflex inerease of the sympathetie outflow 1o the
heart and a reduction of the parasympathetic
stimulatian, This, together with increased secretion
of adrenaline and noradrenaline from the adrenal
medulla, results inan increase in HR as well as the
5Y, coupled with an increase of TPR, all of which
contributes to restoring the BP o is 'normal’ value
{Figure 5.2).

This same feedback system is also responsible for
maintaining BB and therefore circulation, in pathe-
logical stares such as hypovolacmic shock resulting
from sudden and excessive loss of blood (Figure 5.3).

Variations in Regional Blood Flow

While rhe mechanisms described above help in
maintaining the flow of blood o and from the
heart cantinuously, nor all blood vessels are filled
with blood throughout cach eyele. Ar least in the
mesenteric cireulation (the nerwork thac perfuses
the small and large intestings and transpores
absorbed nuerienrs), the smallest amerioles from
which capillary networks branch off (sometimes
referred 1o as metarterioles) are equipped with a dis-
continuous layer of smooth muscle cells, forming
‘pre-capillary  sphincters’. These sphincters can
effectively limit the flow of blood into the capillary
nerwork (the capillary bed) based on the need for
local perfusion. The sphincoers may therefore con-
tract to keep a limired number of capillaries open
(ealled thoroughfare chamnels) when the tissueis ina
resting state, but relax to flood the capillary bed
with bloed ar times of greater activity, as would
manifest soon after a meal when the ingested food
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has 1o be digested and absorbed within a limiced
period of fime.

Coagulation and Fibrinolytic
Systems

The sheer stress caused by the rapid and continuous
flow of blood within the lumen and other external
forces may damage the walls of blood vessels,
increasing the passibility of leaks. This is countered
by a codgulation system, formed of platelets and solu-
ble precursors called coaguletion facrars, which can
rapidly be stimulated 1o gequentially form insoluble
Sfibrin strands thar manifest as clos within the
vessels,

Az much as such clois (known as thromebi) may
prevent the leakage of bloed from damaged vessels,
they can also porentially ocelude the blood vessels,
blocking the low of blood vo the argans that rely on
them for perfusion. This is averted by a fifrinofyric
syetemt, which breaks deown the insaluble fibrin
strands 1o ensure the clor does notr persist for any
longer than is necessary.

Fluid Compartments of the Body

Approximarely 55-60% of the bodyweight of a
human is made up of fuid, which is contained
within threc ‘comparsments’ of the body: By far the
largest collection, amounting to abour 609 of the
toral body fluid, is found within cells, which is thus
known as the intracelldar compartnsent. Fluid found
ourside cells is thus known as :mrdfu?arﬂuf:ﬂ
The sccond-largest fuid comparement, the
interstitial space, is found immediately ourside
the cells, forming an ill-defined, fuid-filled layer
berween the fluid conrained within cells and thar
found within the blood vessels of the circulatory
system. Correspondingly, fluid found within the
Iumen ofthe blood vessels is called the intreeasendor
e, thus making all fluid outside che lumen (e
the intracellular and interstitial Quid) o be known
collectively as exsmavarcular fluid In a normal
human, intravascular fuid accounts for approxi-
marely 109 of roral body Huid. while the remain-
ing 30% is found within the interstitial space. The
intravascular fluid, together with the cellular ele-
ments contined within the lumen of the vessels of
the circulatory system, is collectively called blood.



SEIEmnﬁaijrshiugyfarDanmﬁwdenfs

Disrupts homeostasis
lb;,.- decraaging

Figure 5.2 Rola of baroracepions in the reguiation of blocd pressurg, Source: Torlora and Darrickson {2013),

e SS—




Chapter 5; Circulation £ 53

EFFECTOR
Adionsl
00 ﬁ
Libssritos
Al

I =1

%
(- a

z
:
2
g
E
T
]
l
I
|
|
)
|
|
|

> |

-ﬁ_‘_@____

FLRtnar s CONSenD oo wossey Heart ratn arsd

A% and walgs eonihngl SRrrEctkly Dctbale
AESPOMNIE RESPONSE RAESPONSE
Ancrpased Incyoased syshemic recrpasad bhood
bocd volkame vasculr raslance = prswune L

Figure 5.3 Restomation of blood pressure in hypovolaemic shock. Sowrce: Tortora and Derrickson (2013).

Tissue Fluid Exchange

The main purpose of mainmaining circulation
within the cardiovascular system is to perfuse the
tissucs with oxypen and nutrients and then carry
away their waste products, Despite the many types
of blood vessels, chis happens almost cnl‘irely at the
level of the capillaries, which are uniquely adapred

fer this function by having a very thin wall com-
posed of a single layer of squamous (flat) epithelial
cells and a basement membrane.

The exchange of saluble substances berween the
intravascular compartment and the interstitial
compartment is known as fuid exchange. While
individual substances may diffuse through the
phospholipid bilayer driven by forces such as
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concentration gradicnis, a bulk of the exchange
oceurs through the movement of fluld from the
intravascular compartment to the interstital space,
and vice versa, This mdﬁns': involves a fileration
process driven by relative filtration pressures that
were first described by British physiologise Ernest

Starling in the late nineteenth century.

While many variables impact on this exchange,
in its simplest formar, the Starling Equartion srares
thar the net fileration pressure (NFP) is dependent
on the difference between hydrostatic pressure (HP)
and oncotic pressure (OP). HP is the ourward pres-
sure cased by fluid contained within a compart-
ment, while OP s the inward pressure caused by
asmaotically active colloids present within each com-

partment {and is thus also known as collpid ammoric
pressure).

The HP within the arerial end of capillaries is

high, driven by the force provided by cardiac con-
tractions. While the exacr number may vary, the
HP at this point could be approximared 1o abour
36mmHg. The OP is created by osmorically active
paricles thar are 100 big to cross the phospholipid
barrier. This is largely determined by the concentra-
tion of afbumin, the most abundant plasma prorein
found in blood. Conventionally, the OF ar the arte-
rial endof a eapillary is approximared ar 25 mmHg.
As the HP is ‘pushing’ fluid our and the QP is ‘suck-
ing’ fluid in, they are in effect working against cach
other, with the NFP being the difference bevween
the two forces. In the arterial end, based on the
above approximations, this MEP would' be in the
region of 1l mmHg, thereby exerting an overall
ourward pressure. Fluid, and all soluble marerial
dissolved within it, therefore moves predominantly
from che inrravascular compariment to the intersti-
tial compartment, driven by this net outward pres-
sure, in the arterial end of a capillary.

This flow of Auid from the intravascular com-
partment leads to a direar propartionate drop of the
HP within the vascular compartment, without any
change in the OF, as those particles (mainly albu-
min) do not cross the phospholipid bilayer. Again,
while the cxact number may vary from tissue o
tissue, and within each point along the length of
the capillary tree, conventionally this movement of
fluid is comributory 1o a drop of HF o 15 mm g
by the time the blood reaches the venous end of the
capillary. As there has been no change in OP
(25 mmHg), this equates o an NFP of 10mm [y

now being directed in towards 1o the intravascular
space. This results in the bulk mevement of futd
fram the incerstitial space 1o the intravascular spase,
again carrying all marerial, including dssuc waste
products that are dissolved within them, as long as
they are small enough to fileer through the endathe-
lial cell walls.

Even considering the extremely simplified cxpla-
nation above, it is evident thar che NFPs ar the arte-
rial end (11 mmHg) and the venous end (10 mmHg)
of the capillaries do not complerely cancel each
ather our. In fact, abour 15% of the volume of fuid
filtered our of the arterial end does not reoerm
the venous end of the capillary, thereby ereating a
porential accumulation of Auid in the exiravascu-
lar ﬂllid compartment, a ]_'r|11_'|11,1||.|.|.'|t|.r|:| known as
eedema. This problem is. however, averted by the
presence of the lymphatic vessels, which works asa
drainage system returning the excess fuid and other
marerial thar cannot enter capillaries ro the main
vascular compartment.

Clinical Relevance

Hypertension is a common longstanding condirion
characterised by persistent elevation of the BR
Although usually asymptomatic, hypertension is a
risk factor for coronary hearr disease, stroke, chronic
kidney disease, peripheral vascular discase, and loss
of vision. Elective dental treatment should be car-
ried out only when hypertension is well controlled
to reduce the risk of bleeding during denral surgical
procedures. Moreover, care is required during the
administration of vasoconstrictors containing local
anaesthetic, such as adrenaline, to avoid any eleva-
tion of the BR
Visovagal frinting is the commonest medical
emergency observed during dental erearment. Loss of
consciousnes may result from reduced venous return
and consequent cerebral ischacmia (Chapeer 22).
Posewral (orthastatic) hyporension is characrerised
by a sudden fall in BP when standing up from a sir-
ting or lying position. Causes include auronomic
neuropathy as seen in diabetes (Chapter 18}, medi-
cations (antihypertensives, recreational drugs, ere.),
pregnancy (Chaprer 200, and Addison’s discase
(Chaprer 17). Patients receiving denal treatment in
a supine position are particulacly susceprible 1o pos-
tural hypotension when stnding up, which may
lead o finting.



Migraine is a severe unilateral recurring headache
associated with dilatation of the cercbral arreries
and may be accompanied by nausea, photophobia,
phenophobia, and difficulties in speech.

Temparal arteritiy is an auroimmune condition
which leads o inflammartion of the temporal blood
vessels and leads to severe facial pain affeeting the
temperal region. Similar involvement of the oph-
thalmic arrery may lead ro permanent blindness.
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CHAPTER 6

Mechanics
of Respiration

Fetsal Subban, Kamran Ali, and Elizabeth Prabbakar

Key Topics

u Overview of the respiratory system
u Common disorders allecting the respiratory syslem

Learning Objectives

To demeonsirate an understanding of the:

= Structure and functional arganisation of the respiralony system

m Mechanics of gas exchange between the atmosphere and the lungs

= Common indices usad to measure gas exchange during inspiration and expiration

® Common cbsiruective and restriclive ainvay diseases and their impact on provision
of dental care

Intreduction

The main function of the lungs is to provide oxygen (0] to the tissucs and remove
earbon dioxide (CO,) from the tissues. The primary actions which fulfil this Ranetion
arc: the mechanics of breathing, gas exchange and transport, and the control of breath-
ing. O, Is needed by the mitochondda for oxidative meabolism, Le. energy (ATP)
praduction (internal respirarion), and €O, is generared as a wasre product.

Ocher funcrions of the lungs include acting as a route for wacer (H, O} loss and hear
elimination, mainaining the body’s acid base balance, enhancing venous retim via the
respiratory pump, forming specch with expiratory bursts of airflow, defence against
inhaled foreign matter, converting the horimone angiotensin [ to angiotensin 11 by
angiotensin converting eneyme (ACE), and removing or inactivating blood clots.
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0 2019 Jahn Wiley & Sans Lid. Published 2019 by fohn Wibey 8 Sonx Lul,
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Organisation of the Respiratory
System

The respiratory system is divided into the upper
and lower respiratory tracts. The upper tract
includes the nasal caviry, phanymx, and larynx,
while the lower tract comprises the rrachea, bron-
chi, and the bronchial tree terminating in air saes
or alveoli. The lungs are located in the thorax
and are surrounded by the pleural membrane,
which contains a small amount (5ml) of lubricar-
ing pleural fluid. The pleura is composed of owo
layers: the inner or parictal plewra lines the lungs,
while the ourer or visceral p|€un connects the Iung;r-
to the rib cage, which protecrs the therax and helps
with respiratory movements. The right lung has
three lobes, while the slighdy smaller left |ung has
only two lobes as space is raken up by rthe pericar-
dium. Within the lungs. cach branching sequence
of the bronchial tree is given a gencration number,
The dichotomy of the trachea into two main

bronchi is generation number 1. Ar the last genera-
tion number, approximately 23, an abundance of
alveoli are found (Figure 6.1). There are an esti-
mated 500 million alvesli in our lungs. The res-
piratory zone starts after generation number 17, as
these terminal respiratory units allow diffusion of
BAS Across their membranes. The region :iupd.'ri"r L
this is called the comdicting zeme, as the primary
function of these airways is to conduce air. In terms
of cell histelogy, trachea and bronchi have canilage
and ciliated columnar epithelium. Smaooth muscle
and gobler cells are also present. The start of the
respiratory zonc is lined by squamous cpichelium
which have Fewer cilia and smooth muscle and
almost no gobler cells or cartilage. The numbers
of alveoli increase till generation number 23, The
alveoli are composed of two rypes of cells. Type 1
alveolar cells, which are flat in shape, have few
organclles and have a supportive funciion. Type 2
alveolar cells seercie surfactant, an imporant phos-
pholipoprotein. Phagocytic alveolar macrophages

Trachea (g ion 0}

Figure 8.1 The ainway passages, with their generation number, in relation ko olher struchmes in th horax.

Source: Ward el al. (2015).
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are alse present, and they keep the alveoli clear af
harmful debriz and microorganisms.

Lung Volumes and Capacities

There are four volumes and four capacitics in
the lung. The addition of wo or more volumes
forms capacirties (Figure 6.2), e.g. funcrional resid-
val capacity (FRC) = expiratory reserve volume
(ERV) + residual volume (RV).

The !l:m!; volumes (Table 6.1) are determined h:.'
several [actors, primarily heighe, age. gendes, and
ethnicity. Ethniciry can affect values by up o 15%,
so specilic reference values are used for differene eth-
nic populations. Respiratory discases can be classi-
fied as cither obstructive, where bronchoconsricrion
resulls in altered airflow and airway resistance (R_).
of restrictive, where the functional volume of the
lungs decrease. An important measure of airway

Table 6.1 Typical (dng volume andcapacity

valuasifor a

ing kg male.

Lung volumes and capacities Values (ml)
Tidal volume (V) 500
Inspiratory resenve volume (IRV) 3300
Expiralory reserve volume (ERV) 1700
Residual volume (AV) 1800
Functional residual capacity (FRG) 3500
Inspiratony capacity (IC) 3800
Vital capacity (VC) 5500
Total lung capacity (TLC) 7300
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obstruction is the forced expiratory volume in one
second (FEV, ), which is the volume of air forcefully
exhaled afver starting from a maximal inspiration
(TLC). In the dinic, a spirometer is used o measure
slow viral capacity (VC) and forced vital capacicy
{FVC) manoeuvres. Figure 6.3 shows the FEV, and
how it relates o the FVC in obstructive airways
diseases, e.g. chronic obstructive pulmonary disease
(COPD) and asthma. Spiromerry measurements
are important in quantifying the extens of disease
impairment and are part of pre-operative evalua-
tions o assess the effece of therapy and are alvo used
to monitor envirenmental lung disease. Restrictive
lung diseases are characterised by reduced TLC,
measured by body plethysmography.

Respiratory Muscles

There are several muscles in the thorax and abdo-
men which are involved in altering lung volume
during respiration. The main muscles and their
funcrions are given in Table 6.2, The lungs primar-
ily move in two ways: vertically, by the diaphragm
and antero-posteriorly, by the action of the ioter-
costals on the ribs. As is discussed in more detail in
the next section, expiration is passive, owing o
elastic recoil of the lung, and the expiratory muscles
are for forced breathing (Figure 6.4}, such as during
exercise or performing a spirometric manocuvre.
The main inspiratory muscle is the diaphragm. The
sternocleidomastoids, anterior serrati, and scalene
muscles are often referred to as accenory museles of
respiration, as these are more active in forced breath-
ing and also in disease.

|!.n.ngwl.rrl-|-| moasured with sbmpba walir &

Wil (M.B. FRC and AY not deectly meaturabi
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Source: Ward and Lindan (2013).

Figure 6.2 A water spirometer Is used io produce a spirogram, which gives four lung wolumes and four capacities,
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Figure 6.3 Measurements of FEV, and FVC in different disease states. Scurce: Ward and Linden (2013},

Table 6.2 The main mus

ralicn and inspiration

Expiratory muscles {forced breathing)
Abdominal muscles (move abdominal contents
in and diaphragm upwards)

Internal intercostals (lowers ribcage)

Mechanics of Pulmonary
Ventilation

To understand the movement of air in and out of
the lungs, we need o remember that the armos-
pheric air prossure (barometric pressure, or P) ar
sea level is mormally 101.325kPa (760 mmg or
Latm). The pressure exeried by a gas in a mixture of
gases (like air) is the partial pressure (B). Although
the pressure ar the mouth is equivalene o Py, by
convention it is 0 kM.

There are two other pressures o consider: the
pleural pressure (P ). which is the pressure in the
pleural space berween the visceral and parieral pleu-
rae, and the alveolar pressure (P, . or P, which is
the pressure inside the alveoli, P s negative an the
beginning of resting inspiration. This s duc to equal

Inspiratory muscles
Diaphragm (pulls the lung downwards and
increases vartical dimension of the thoracic cavity)
External intercostals (lift ibcage)
Stemocleidomastoids (lifts starnum)
Anterior sarrati (it several ribs)
Scalone muscles (it first twao ribs)

and oppesing forces an this membrane, as the lungs
have a tendency to recoil or collapse, while the elwest
wall has a tendency o spring outwards. A continu-
ous suction from the pleural membrane 1o the
lymph also helps T"l‘ remain negative. When the
glotwis is open and there is no air flow, P,_cquals P,
and by convention is 0 kPa. This occurs both ar the
beginning of inspiration and expiration, as shown
in Fipure 6.5.

Figure 6.5 also shows the change in the volume of
air over inspiration and expiration. In a healthy
person, this is normally about 0.51 and is called the
sicdal volwme (V). For air wo enter the Jung P, has
ter be negative and this occurs as the inspiratory
muscles conrracr. These muscles include the dia-
phragm. which pull the lungs downward, while the
caternal intercostal muscles raise the ribs projecting
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MUSCLES OF INHALATION
Sternacleidomasio] —e———

External
intercostals

Diaphragm

Darrickson (2013).

MUSCLES OF EXHALATION

Extamal
obdique

Internal
oblique
Transvarsus
abdaminis

Rechus
abdominis

Muscles of inhalation (laft); muscles of exhalation (right);
arrows indicate (he direction of muscle conlraction

Figure 6.4 Respiratory muscles usad for inhalation (ingpiraticn) and exhalalion (expiration). Source: Torlora and

them farward, causing the sternum o move for-
ward away from the spine. Inspiration is therefore
active, in conirast o expiration, which is passive, as
at rest ir involves no muscles. After the inspiratory
muscles contrace, they srretch the lungs, creating a
greacer negative P, this causes Py to go 10 —0.1 kPa
and air is sucked in. A pressure of =0.1 kPa is cnough
to move .51 of air (V) into the lungs.,

From Figure 6.5, it can be seen thar alter air
enters the lungs I, stars 1o approach 0 kPa and
simultancously P, moves o its highest nepative
value. The difference between P and P.-l iz called
the transprcltnonary ot reeall presure () =P — P )
and is 2 measure of the farces thar rend o collapse

the lung. Ar the beginning af inspiration
P, = (0)-{-0.5} = +0.5kPa, while ar the beginning
of expiration P, =(0) - (-0.75) = +0.75kPa. This
clearly indicates thar ar the beginning of expiration
there is larger collapsing foree and a greater recoil
pressure, and rhis explains why expiration ar rest is
passive. Figure 6.6 shows a chronological flow chare
of the steps necded for breathing ro occur.

Lung Compliance

The extent o which the |.I.II1H5 expand for cach unit
of pressure is referred 1o as lung compliance (C,). It
is the case of distention or stretching of the lung and
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0.5 -
Volume
above FRC
L
LE
Intrapleural —0.57
Pressune
relatve 1o
atmaspheric
{kPa) =075
0.1
Alveolar
(kPa) S
0.5
Hirflow 0
(Lisec)
—{0.75-]

Inspiration Expiration Inspiration Expiration

Figure 6.5 Voluma, plewral prassure, alveolar pressure, and alfiow changes during ingpiration and expiration in
a healty subgect ai rest. Source: Ward el al. (2015).

o Meural command 1o breathe
B
Muscle contracton
B
Py goes more negaive
B
Causes Py, 1o go negative (sub-atmospharic)
-
e
, Alr anters, Py, increases (graater than almaspharic)
B
i_'___thdl{P,_}c;us_as air 1o exit 1
-

Sis —

“ | Cycla sarts again

Figure 6.6 Sieps required for breadhing o take place in a healthy subject al rest.




can be caleulared using the V., which is measured
with a spirometer, and P, which is determined by
an oesophageal balloon catherer.

AV SO0V )

—= w2 kP e
AP 0.25(Fy changeover inspirarion)

L]

I lung fibrosis, which often cccurs in occupa-
tional lung disease, C decreases, as the pressure
needed 1o inflate the |||||[_g. 1o the same volume is
greater. In emphysema, there is destruction of the
structures supporting the alveoli, which is often due
v smoking, resulting in loss of lung clasticity, In
these parients, C increases, as the pressures needed
for the same volume are less, owing to loss of dlastie
tissuc. C, increases with old age, woo. C, reflects che
work done by the lungs. The overall work done in
air-filled lungs can be divided into the clastic forces
of |l|||g tissues [elastin). the surface forces of surface
tension (which make up rwo-thirds of tol forces),
lung rissie resistive work (collagen), and lastly
Alrway resistance,

As mentioned above, most of the force necded
tar be overcome in breathing is surface tension. As
an example, surface rension is seen when HED
forms an interface with air. The H, O molecules on
the surface stick o cach other by hydrogen bond-
ing or cohesive forces. Surface ension can also be
abserved when a needle is gently placed on the sur-
face of water in a glass conrainer or in raindrops,
where the strong attraction berween H,O mole-
cules impedes their dispersion over grear distances.
However, surface tension can be disrupted by the
addivion of detergent, which breaks the hydrogen
bonds holding the water molecules o lower surface
tension. The lllngs secrete mr_ﬁwrm.rr. {which is a
naturally occurring detergent containing dipalmi-
woylphosphatidylcholine), to decrease the surface
tension inside alveali, The benefits of pulmonary
surfactant are to increase lung compliance and
reduce recoil (to prevent carly collapse). Both fea-
tures which are alvered in respiratory distress seen
in preterm newborns, owing to a lack of surfactant
production.

MNormally, surfactane is secreted berween the sixth
and seventh moenth of gestation. It is more than just
a detergent, as i also keeps the lungs dey and reduces
the work done by the respiratory muscles during
breathing. A lack of surfactant in preterm infants,
owing to immature lungs or genetic reasons, results
ininfants making a big effore o forced inhalation o
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overcome the high surface rension. Iv is the maost
common lung disease affecting preterm  infanes.
Swynthetic surfactant is also available as a trearment
option.

The maximum airflow resistance [Rl__:l is found
in the larger bronchioles and bronchi, ar generation
number 4 (refer ro Figure 6.1). Smaller vessels have
less R primarily owing to an increase in their over-
all radius (i.e. their total cross-secrional area). The
resistance o fow in vessels is B e 1Y, where ris
the radius of the rbe, IF the radius is halved, R
increases 16-fold. In asthmatics/COPD parients,
R increases during bronchoconseriction. B is a
good diagnostic and prognostic marker, Owing o
Poiseuille’s law, R is lower during inspiration and
higher during expiration, but in healthy lungs this is
not a problem. However, in asthma, wheezing origi-
nates in the small alrways, and thiey oceur typically
on expiration. During an asthmartic arack, these
paticnes find expiration much more difficult than
inspiration.

Clinical Relevance

COMD refers o a group of conditions characrerised
by irreversible narrowing of the airways, making
expiration difficule. COPD includes conditions
such as chronic bronchitis and emphysema and
alfects approximartely three million paricnts in the
UK. The main risk factor is smoking. but others
include indoar air poallution (including using bio-
mass fuel for cocking and heating), outdoor air
pollution, occuparional dusts or chemicals, and
alpha-1 anticrypsin deficiency. Depending on the
severity of the disease, several treatment planning
modifications may be needed (e.g. shorer wisics,
avoiding treatment under conscious sedation and
general anacsthesia), Patienis may struggle 1o
breathe when placed supine during dental trear-
ment. Therefore, treatment is best carried out inan
upright position. Treatment with steroids may
cause complications in dental care, as described in
Chapeer 17.

Astha is characrerised by atacks of shortness of
breath {brearhlessness), coughing. and wheezing,
Mormally, this ocours by reversible AiCWaY TIArEow-
ing and ir affects 5.4 million patienss in the UK,
Most cases are atopic, where patients have a ten-
dency o be sensitised to allerpens. Dental parients
with asthma will have similar eamment planning
madifications as with COPD pagiencs.
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Taeberculosis (TB) is a bacrerial infection thar
normally affeces the lung, although it can affect
ather tissues or organs as well. Paticnis with an
active infection can transmic the discase through
air by coughing. Symproms include chronic
cough for more than three weeks, fever, weighe
loss, and fatigue. Elective denral work should be
deferred uneil the partient is nen-infectious and
urgent work, should only be carried owt with
appropriate safety measures. such as infection
control precanrions and use of face masks by den-
tal professionals,
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CHAPTER 7
Gas Exchange
and Transport

Feisal Subban, Kamrvan Ali, and Elizabeth Prabbakar

Key Topics

m Overview of gas exchange and transport
s Common disorders affecting gas transport

Learning Objectives

To demonstrate an understanding of the:

= Mechanisms of gas exchange between the lungs and blood

u Interpretation of common respiratory indices

& Transport of coygen and carbon dioxide in the blood

m Relevance of common disorders of gas exchange and transport lo the provision
of dental care

Introduction

The exchange and transport of O, and CO, are vital to prevent hypexia (low O ) and
hypercapnia (high CO). Various discase stires can also affece the exchange and
rransport of these gases and consequently affect acid-base homeostasis: (sce nexc
chapter). Gas exchange across the moist alveolar surfaces in the lungs takes place by
passive diffusion, down the partial pressure pradients, i.e. from regions of high presire
1o regions of low pressure.

Gas Diffusion

Air is a mixture of gases, as showinin Table 7.1. The pressure exerted by any one gas is
a fraction of the taral pressure and is referred toas the pareded pressure (P). The pressure
depends on the gas concentration and gas solubility. The toml atmospheric presure

Euential Mopiolagy for Dental Sindents, Fine Edition, Edived h:,' Kamran Ali and Elirabeth Prabhakar,
@ 2019 John Wiley & Sons Lid. Pablished 2019 by John Wiley & Sona Lud.
Compankon w chaite: mw.\\ihrmml's-:thlfp]u-jigkum-
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(P ar sea level is 101.3KPa (760 mmHg or Fatm).
Therefore, ar sea level, the pamial pressure of O
(PO} = 0.2098=101.3 = 21.3kPa or 160 mmHg,
The PCO,, which iz 0.30mmHg. iz negligible,
Warer (H,O) vapour in the air reduces the gas per-

ceniages and their partial pressures, awing to dilution.
Therefore, PO, will be lower by the time it reaches
the alveoli, once the PH,O (ar 37°C, is 6.27kIa)
is subrracred, e ]H_’,}: =0.2098 % (101.3 — 6.27) =
19.9kPa (see Figure 7.1).

Acommen ‘trick question’ is whar is the percentage
of O, ar Mount Everest? The answer is the same as at
sea level, Whar is bower is the P, and therefore the
PO, and this results in hypoxic conditions that nor-
mally only allow a mountmin dimber to ascend Mount
Everest with the help of supplementary oxypen.

In the previous chaprer, we discuss how air cnters
the lungs, now we need o understand how ic diffuses
across the alveolar-capillary membrane, Fick's Law
determines the diffusion capacity for a gas, which is
affected by four main facrors: (i) memednane thicknes,

Figure 7.1 Partial pressures of O, and CO, across air passages and blocd (in kPa), Seurce: Ward and Linden

{2013).
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Alvaolar
epithalium

Interstital
fluid

Endothelium

FRied blood cells

Leach (2015},

Capilary

Figure 7.2 Diffusion of oxygen molecules across the alveolar-capillary mambrane. Source: Ward, Ward, and

which Is directly proportional to the rate of diffusion.
Thus, diffusion across the 0.6 pm thick alveolar-
capillary membranc would be fast, (i) surface area of
the membrane, which is directly propertional o dit-
fusion rare. The alvealar-capillary exchange surface is
very large, spanning 70m® with approximately
100 ml af capillary blood fowing through the capil-
lary bed, (iii} partiad pressure graefese (difference), the
steeper the difference in partial pressure across the
membrane, the faster the diffusion rare, and finally
(iv) dliffsion coefficiens or conseant, which I:ll.‘P'.'J'l'l'JE{l'rl
the gas solubility in blooad and the molecular weight
of the gas (Figure 7.2). The solubility of €O, is
23 1imes more than the solubility of O, When
molecular weight is taken into account, the diffusion
rate for CO, i= 2003, while it is 1.0 for Q.. This tends
to supgest that CO, moves across the alveolar-
capillary membrane much faster than O, However,
the arteriovenous pressure gradiem of O, is much
grearer than that of CO,. This gradient is abour 15%
for CO, and 59% for O, Overall, therefore, O, and
CO, have similar diffusion capacities.

In discases, such as pulmonary eedema, fibrosis,
and pneumonia, where the thickness of the alvealar-
capillary membrane increases beyond GLGpm, a
reduction in the rate of gas rransfer ocours, In
emphysema and lung collapse, the surfice area of
the membrane decreases and thus a decrease in rate
of diffusion is seen in these pathological situations,

Respiratory Indices

Table 7.2 shows some physiological indices in
|'|vl:ﬂJL||l-,- individuals,

Table 7.2 Normal physiokogicalivalues

for respiratonin healtty individoals:

Indices

Tidal volume (V) 0.51
Respiratory rate or frequency 12 breathsmin~’
of breaths (f.)

Expired ventilation &1 min-’
we‘l' =Wyl

Anatomical dead space (V) 0151
Airlow or alveolar ventilation 4.21rmin=*
(V) = By (Ve =V

Blood flow, perfusion, or 5.5Imin"
cardiac output (3)

Ventilation : Perfusion 0.8

ratio = W&

"r" can reach 2001 min® during strenuous exercise,
At rest, the toml expired ventilation {"-" approxi-
mately 61 min" in a healthy person) is not ‘used in gz
exchange, owing o the anatomical dead space (V).
locared in the nose, E.'Ih:l.l.':-‘ll!. tarynx, and trachea.

Phystological dead space is associaved with alvecli
which are not functioning fully or have poor blood
flow and is distinet from the anatomical dead space,
Physiological dead space can result in poor gas
exchange in centain respiratory diseases, e.g. a pul-
monary embolus (an air bubble or blood clot which
can block a pulmaonary blood vessel).

Several factors may affect the vennilatond
perfusion (VICD) ratie. Owing to gravity, the apex of
the lung has relatively less O, w0 VIO incremses
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more than 0.8 (Figure 7.3, I’{:}, will be muore and
likewise PCO, will be less here, However, ar the base,
() is more relative 1o \" =0 VI falls below 0.8,

resulting in a lower PO, .'md a greater PCO,, A le]
ratio of 0.8 is an nﬂ:mgvc value across the Iunb Ina
patient with chronic ohstructive pulmonary disease
(COPDY), smoking can often cause the alveoli distal
to obstructed bronchioles 1o be poordy ventilared,

P

-
I

Vantilation, V, , perusion,
{arbitrary units par unit lung voluma )
and vontilation-parfusion ratio, V,/0

=

§

Apex

Figure 7.3 Changes in the 'I{.I'O ratio, ventilation :'I.F ).
and perusion () taken across a hoality upright
lung. Source: Ward, Ward, and Leach {2015).

mui:ing in the 'W'Q to approach 0. IIu"'l"iQ SCANS Ane
used in hospitals to detect any abnormal venrilation
or perfusion in the lungs.

Transport of Oxygen in Blood

Ha.cmughb'ln {Hb) in the red blood cells transporis
O, and CO,. Approximarely, 97% of all O, trans-
pﬂrl:od in the blood is bound to Hb in the alveoli to
form oxyhaemoglobin {HhD } which is delivered o
the respiring tissues for m:rv.-l'-ic respiration. The
remaining 3% of O, is transported in a dissolved
state in plasma and cells.

The relationship beeween PO, and the saruration
of Hb gives rise to a characteristically shaped sig-
moid (5-shaped) curve called the axpper dissociarion
esrve (Figure 7.da). The curve demonstrates
the affinity of Hb for O, or in ether words the ease
with which Hb can hind (associate) and release
{dissaciate) 'D: in the rissues,

Hb has the ¢Jp:|.1;i1:.-' ta bind to four (_)_. molecules
(Figure 7.4b) and form HbO,_ Each O, molecule
binds to one hacm subunic in the Hb molecule.
Each hacm group has a central iron (Fe™') 1on to
which D: binds. A lack of Fe®
resulting in the inabilicy of O, to bind ro Hb. The
curve is S-shaped becawse the binding of the firse O,

canses ArEemia,

(b)

=J
&
&

&

i = Pearmal anecial bisod
7% sahention
PO, 313.34P

/ Consent Z00miL

f v= Riring vencus Blood
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&
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Figure 74 (a) O,-Hb dissociabon curve. The solid Ene is the standard oxygen dissociation cune and the dashed
line shows four lactons which shift the curve 1o the right. These are low pH, high PCO., high tamparature, and
high 2,3-DPG; (b) the Hb molecule showing the four hasm subunits, with akached O, molecules. Source: Wand,

Ward, and Leach (2015).




molecule makes i easier for the next O, o bind 10
Hb and so on, thus called cooperaeive dimding,
Saturation of Hb is commonly expressed as a
percentage. In normal areerial blood, saturation of
Hb with O, is as high as 97% and 'O, is as high as
13.3kPa. In resting venous blood, saturation of Hb
dm;m (s} ?5‘:.-"51. I;:IWIII:IF (1] lhl;: il:r'w I:'C.'z ::I’ 53'{]"‘.’1.

Factors Affecling Oxygen
Dissociation Curve

Several factors affect the oxygen-dissociation curve,
im:‘hbdirll; pH, PCO., tcemperature, and 2.3-diphos-
phoglycerate (2,3-DPG), a metabolic by-product of
glycolysis. A drop in the blood’s pH (acidosis) or an
increase in MCO, temperatare, and 2,3-DPG shifis
the curve to the righe, which rransliies into a lower
affinicy of Hb to O, and release of O, into tissues,
Exercise is one such stimulus that can shife all four
factors so the curve shilts righewards, Conversely,
an increase in the bloods pH (alkalosis) or a
decrease in PCO., remperature, and 2,3-DPG shifis
the curve 1o the left, which rranslares into a higher
affinicy of Hb 1o .. This facilitates oxygenation af
blood in the lungs.

Foeral Hib has a slightly different protein struciure
and a much higher affinity for X, This offers a
benefit of allowing the foctus the ability o extract
oxygen more elfectively from maternal Hb.

The transpory of O, can be adversely affecred by
hypoxia, anacmia, or ischaemia, On the other hand,
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illegal blood dopimg in athletes can increase the
OXYEEN-Carrying capacicy, owing o a greater number
of red blood cells.

Transport of Carbon Dioxide
in Blood

€O, is transported in three forms in the blood: a
small percentage (7%) is dissolved in plasma and
cells, while 23% is cransporied bound to Hb as car-
luminuhaumugiuiﬁin [HbCD_,:I. Dieoxygenared Hb
has a higher affinity for CO, relative to oxygenated
Hb (Haldane effect). The largest proportion of
CO, (70%) is transporved as bicarbonare [HCO}']
ions. Upon entering the red blood cells (RBCs),
CO, combines with H.O to form carbonic acid,
a reaction caralysed by the enzyme carbonic
anhydrase (CA). Carbonic acid dissociates rapidly
to form HCO3" and H'. The H* ion is buffered
by the reduced Hb which is available after the
release of O, This prevents a drop in blood pH
(Chaprer 13).

ntvass and e
O, I-H;{}“.‘_.“_"""—.__».‘ H; 00y = HBHT + HEOR
Hb+H* — HbH"

HCO," leaves the RBC via a HCO/CI" jon
exchanger. This CI zhife results in an RBC Cl* eon-
centration greater in venous blood than in arcerial
blood (Figure 7.5).

Aed ol 3
: S HCO5
= 3o
-~ N T
mi,%..mﬁ H.O E.-Hzcoa—n- HOGy=# He %
l,\ ©0y + HeHb H!ﬂ-qi_.l—-u_,o
\\&mm,;, HEA{CL HBsCOOH 5
= Y
i it
g e 2 CA = cidbanic anhydrase
: Hb = haemoghobin sutunit
Carbamina femation) HeHb = reduced haamaglobin

Figure 7.5 A red blood cell showing the transport mechanisms lor CO.. Sowrce: Ward and Linden (2013),




T2 f Essantial Physiology for Dental Students

Upon reaching the lungs. the venous blood is
exposed to O, and the evenis are reversed, as shown
in the following equarion:

0, + HbH™ + HCOF & HbOs + H, 0+ CO,

The CO, is eliminated in the exhaled air and O,
combines with Hb 1o seygenare the blood leaving
the lungs.

Clinical Relevance

Airway protection during denal rrearment is essenrial
o avoid accidental displacement of dental materials,
broken tooth fragments, and small instrumenis.
Foreign body aspiration (FBEA) may lead o respira-
tory obstruction and/or aspiration pneumonia, which
can be porentially faral, and often warrants removal
with a bronchoscope. The right bronchus is wider,
shiorer, and more horizontal than the lefi bronchus;
therefore, more FBA occurs in the right bronchus.
Particular care is required in patients ar extremes of
age and those with neurocognitive disabiliny, Use of
barriers such as a rubber dam and physical protection
with appropriate instruments and high-volume suc-
tion must be employed appropriately 1o prevent FBA
during dental treatment.

Hypeoxia is deficiency of oxygen. There are four
classical types of hypoxia. which are important o
understand a5 oxygen therapy differs for cach.
Hypaoxic hypu-xia ocours when partial pressure af(}:
in arterial blood U‘a():} is reduced, for example ar
high altitude and in conditions such as asthma or
pneumania. Clinically, i is the most commaon ype
of hypoxia and administration of oxygen is beneli-
cial (except where significant venous-to-arrerial
shunting rakes place). Anaemic hypoxia is found
when P, is normal, but Hb amounts are low and
oxygen therapy is of limited use in these patiens.
Stagnant hypaoxia is when Hb and Pa®, are normal,
but blood flow is diminished and exygen therapy is
again of limited use here, Histotoxic hypoxia is
where O, delivery is normal, bue, owing o a roxic

substance, e.g. cyanide, rissues cannot utilise O, As
with the two previous types of hypoxia, historoxic
hypoxic paticnts will have a limired benefic of oxy-
gen therapy.

Cyanesis iz a bluish discolouration of Hb and
develops when there 15 a significant amount of
reduced Hb in the blood. This can be noticed in the
skin and mucous membranes and is often seen in
patients with cardiopulmonary discase.

Carbon monecide (CO) JPoisening may result from
several causes. CO has 210 rimes greater affinity for
Hb than oxygen. It is a colouress. odoules gas
and, if high enough, can result in CCY poisoning
and eventually death, Once bound o Hb, it forms
carboxyhaemoglobin (COHb) and resules in a
cherry-red colour: it disassociates very slowly.
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CHAPTER 8

Control of Breathing

Feisal Subban and Kamvran Ali

Key Topics

= Ohveniew of the central and peripheral control of breathing
B Relevant disorders of breathing

Learning Objectives

To demonstrate an understanding of the:

m Organisation and functions of the neural respiratory centres
n Fole of central and peripheral chemoreceptors
B Relevance of obstructive sleep apnoea to dental professionals

Introduction

Conrol af breathing is necessary so we can brearhe encugh ro ensure maximum oxygen
saturation of hacmoglobin and also kecp the work of breathing to a minimum.
Additionally, carbon dioxide (CO ] levels need close regularion, as changes can aftecr
the pH of blood. ]l"‘nl" is doubled, €O, decreases and it canses arterial pH to rise to 7.6,
from a normal uf'}'d rl’"-" is halved. DG levels increase, and pH falls o 7.2, Finally
control of breathing J]im\s us to ‘override’ the automatic reflex breathing in cerrain
circumstances such as blowing, breath holding, swimming, and speech, cte.

Peripheral and Central Chemoreceptors

Peripheral and 'central chemoreceprors play an important role in the control of breathing,
Peripheral chemoreceprors are found in the aornic and carorid bodics (Figure 8.1a). The
carotid bodies have a very high blood flow and are the primary peripheral chemoreceptors,

Eaigrerial Plreriology for Dental Students, First Edicion, Edived by Kamran All and Elizaberth Prablhakar,
£ 2019 Johen Wiley 8 Sans Lid, Publithed 2019 by John Wiley & Sons Led.
Companion webaite: v beycomigalalif plysiokegy
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Figure B.1 (a) Anatomical location of the carotid and aoric bodies. (b) Histology of the carotid body. Source:

Ward, Ward, and Leach (2015).

Growgs of oplls surrounced by fenesiraled
seniscedal Capllanes

They conmin ype | glomus and oype I cells
ﬂﬁgurc B.1b); the later !1ahwa$upp0n1'hg function.

Type 1 glomus cells release neurorransmirrers,
including carccholamines, when stimulated by
hypoxia, and this results in afferent nerve action
porentials. They also respond 1o increased concen-
trations of CO, and H* (hydrogen ion): although
their primary response is hypoxia. If rhe peripheral
chemoreeeptors are denervated, approximarely 30%
of the response o increased CO, and H* levels, and
most of the hypoxic response is lost. The glomus
cells spcclrmﬂy respond o dissolved O, in blood,
so carbon monoxide (CO) poisoning would not
result inany afferent nerve firing. Ohnly when PaD,
(partial pressure of oxygen in arerial blood) levels
fall to below 7 KPa does afferent nerve firing result
in a significant increase in the V. (Figure 8.2).
Mormal PaQ), levels are approximarely 13.3 KPa,

Central chemoreceprors, which are located in
the medulla ohlongara (Figure 8.3), contribuie o
ventilation even when carotid and aortic bodies arc
dencrvated. Central chemorecepiors are very sensi-
tive 1o changes in H* concentration in the
cerebrospinal fluid (CSF), which in wen are alfected
by arterial blood PCO. and pH.

Although CO, HCO . and H* all cross the
blood-brain barrier, co, h:l.s a higher permeabiliny
across a lipid bilayer, a5 it is a small, uncharged
molecule, HCO " and H*, on the other hand, arc
ions and have a I:rwc: permeabilivy. Therclore, CO,
passes across the blood-lrain barrier berter than
H*, hence PO, has a sironger ventilawory response
than pH. Once a2 CO, moleculs has dilfised across
into the CSE it is hydrated and forms carbonic

acid, which dissociates quickly to raise the H' ion
concentration. An increase in PCO, (e.g from an
increased metabaolism) increases ‘I" This is 2 neg-
tive feedback homeostaric ::!:.c]1:1|1|=|u. wherchy
the increased "."’A would eventually blow off €O,
and bring the PCO, level back 1o normal levels,
Therefore, the medullary chemaoreceprors are morc
sensitive to an increase in PCO, relative o an
increase in H*, g

Meurans from both the peripheral and the cem ral
chemoreceprors can excite the neural respiratory
centres. Only when PO, falls to very low levels does
the system really respond., So, near the physiologieal
range of blood gases, PCO, is a more importan
contraller on a day-to-day basis.

Meural Respiratory Centres

The neural respiratory centres are found in the
brainstem and are located bilarerally in the medulla
oblongara and pons (Figure 8.4). The main arcas
which are responsible for awomatic control of our
breathing are the:

* Dorsal respiratory group (DRG) = which coneains
INSPIrarory neurons.

= Ventral respiratory  group  (VRG) - which
contains inspiratery and cxpiratory nenrons.

= Pre-Biiteinger complex (pre-BOTC) — which has
pacemaker cells and is found in the ventrolareral
medulla (part of the VRG).

= Pncumoraxic  cenine of  pontine  respiratory
groups — which alers the e and jpakiern af
breathing.
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Sowrce! Ward and Linden (2013).
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Figure 8.2 The relationship between Pa, and V,, while PaCO, remains conslant and alse when PaCio, is raised.

Caniral chemorecoptors

and Leach (2015).
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Figure 8.3 Anatomical location, histology, and biochemisiry of the central chamarecepiors. Source: Wand, Wand,

It is importans to note thar inspiratory and The pre-BOTC is the basic thythm generator,
EXPITALOrY NeUrons are spread across the medulla. and elferent si.gn:lls from here canse phn:ni.c MOLor
Voluntary higher centre control can override  newrons to stimulate the diaphragm for inspiratory
the involuntary automatic control, e during activity. The pre-BOTC receives imput from both

breath holding,

the DRG and the VRG. Lesions of these two groups
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Figure 8,4 Neural respiratory pathways. Source: Ward, Ward, and Leach (2015).




do nov stop respiration, bur damage o the pre-
BOTC will. Most DRG neurons are in the nucleus
tractus solitarius (NTS). The IXth (glossopharyn-
geal) and Xih (vagus) cranial nerves’ sensory inpue
reaches the NTS, carrying afferent informartion from
chemoreceprors, baroreceprors, lung receprors, and
proprioceptors. These afferents affect respiration,
VRG neurons are found in the nucleus ambiguus
and mucleus miru:l;lql:iﬁuu;, Ar rest, VRG newrons
are usually inactive. Bur, they are active at high rates
of ventibation. They are especially imporant for
abdominal  muscle  contraction  in
Reciprocal innervarion ar the spinal level prevents
hoth the inspiratory andd cxpiratory muscles from
being contracred simultaneously. 1F a lesion occurs in
the ponting respiratory groups, breathing becomes
slow anel deep (gasping-like: Figure 8.4). The exac
function of these nevrons is still nor fully clear.

expiration.

Peripheral Receptors

The sirways and lungs are innervated by various
receprors. These include the cough receptors, strerch
recepiors, and C-fibres, Cough receprors are rapidly
adapting receprors and are found in epithelial cells
of the upper airways and trachea-branchial tree.
They are stimulated by irritants such as dust, smoke,
or chlorine gas and result in cough, bronchocon-
striction, and mucus seererion. Strewch receprors are
slowly adapring receprors and are found in the
smooth muscle of small and large airways. They
are thought to be more important during infancy
and this reflex protects the lung from over-inflation.
This is also known as the Hering—Brener reflex, and
these receptors cause cessation of Inspiration once
stimulared. C-fibres are found in cthe bronchial and
pulmenary blood vessels and interstitium. Thele
stimulus includes pulmonary emboli or cedema,
and the effecr is an apnoca followed by rachypnosa
and possibly dyspnoca. Studies on patients with
lung transplants show thar their pateerns of breath-
ing are normal ar rest, indicating that intrapulmo-
nary receprors may not play 2 vital role in regulation
ﬂf_bl'ca.thing AL rest,
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Clinical Relevance

Obstructive sleep apnoea (OSA) is one of a group of
conditions that fall under the umbrella term sleep-
disordered breaching. This includes central slecp
apnoca and obesity hypoventilation syndrome.
O8A i the most common of all these conditions,
All these conditions alfect breathing during sleep,
Risk facoors for O5A include obesity, shore mandi-
ble, macroglossia (large tongue), and pharyngeal
narrowing. For example, Down's syndrome patients
are ar risk of developing OSA. Denal professionals
iy Iwe able 1o i:lnlllir}' anatamical features which
increase the risk of OSA and refer patients appropri-
ately. Moreover, dentisis may be able o provide
suitable ol appliances 1o paticnts with OSA
and reduce is severint ‘O5A commonly results in
snoring, It has been sstimaned thar up o 20% of all
adults have mild OSA. OSA increases the risk for
stroke, coronary heant disease, diaberes mellirus,
and increased accidents (including metor vehicle
collisions).
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CHAPTER 9

GIT Movements

Keamran Alf

Key Topics

w Overview of movements of the gastrointestinal fract
= Common disorders of gastrointastinal movemeants

Learning Objectives

To demonsirate an understanding of the:

# Structure and functional organisation of the gastrointestinal tract

= Mechanizms and control of mastication and deglutiticn

m Mechanisms controlling the motor functions of the stomach, and small and large
intestines

n Common disorders of gastrointestinal movements and their impact on oral and
dental health

Intraduction

The gastrointestinal tract (GIT) extends fram the mouth to the anus and has several
associared glands which contribute to a variety of secretions (Figure 9.1). The GIT is
responsible for the breakdown, digestion, and absorption of food and excretes the
waste from the body. Movements of the GIT propel ingested food from the oral cavicy
1o the large intestine and help mixing of the foed with GIT secretion o facilivare
digestion and absorption of food.

The wall of the GIT fram the lower oesophagus down o the anus ix composed of four
layers: mucosa, submucosa, muscularis, and serosa (Figure 9.2). The GIT is innervared by
input from the somatie nervous system and autonomic nervous sysvem, I addition, the
GIT has an cxtensive local system of nerves, known as the enteric nervons sptem,
which extends from the seophagus to the reeminal part of the large intestine. The enteric

Exenrial Plresiology for Demeal Stucdenty, First Ediion, Ediced by Kamran Ali and Elizabeth Prabbakar,
£ X019 John Wiley & Sons Lod, Published 2019 by John Wiley & Sons Lid,
Companian wehare: ww.hilql.cnrrdﬂn-h]ifphninlnw



82 / Essantial Physiology for Dental Students

Patatidl giand
[salivary gland)
Submandibular gland
{salivary gland)

Figure 8.1 The gastrointestingl tract extends from the mouth to the anus. Sowrce: Tortora and Derrickson (2013).

Mouth (cral cavity)
contains teeth

and longue

Sublingual gland
(sakivary gland)

Phanymx

Siomach
Pancraas

Transvarse
colon

Descending
colan

Sigmoid
colon
Reacium
Anal canal

Anus

nervols system consists of two nvpes of nerve plexuses:
the moyventerie plae in the museular layers of the GIT
plavs a role in controlling GIT movements and
Meiiner§ plocus in the submucosa plays a role in con-
trolling GIT secretions. Although the enteric nervous
system B8 stimulated by the autonomic nervous sys-
tem, it is also capable of funcioning independently,

Mastication

Mastication or chewing is the first step in the pro-
cess of digestion and serves to prepare the food for
swallowing and its processing in the stomach and
innestines, The weeth grind the food inte smaller
fragrmenis, and this process is aided by saliva, which
lubricates the food and helps in taste perceprion,
The incisors eur and shear the food, the canines help

in griping and tearing the food, while the premolars
and malars provide a grinding action. The bite force
depends on the number of tecth, volume, acrivity,
and coordination of masticatory muscles. In fully
dentate individuals, forces gencrated during masti-
cation may be up te 50 pounds in the incisor region
and 200 pounds in the molar region.

Masticatbon is inftiated as a volungary process and
involves both sensory and motor nerve signals.
Fhllmvin;; ingestion aof food, it is l_r.'||1;p-|,1rr|'.:|:| from
the front of the mouth 1o the oeclusal surfaces of
the recth 1o initiae a series of chewing cyeles.
Ingestion and mastication of food is aided by facial
muscles, tongue, masticatory muscles (masseten
temporalis, lateral prerygold, and medial prerygoid),
and supralivold muscles (dipasiric, geniohyoid.
miylohyoid, and siylohyoid).
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Figure 9.2 Layers of the gastrointestinal tract showing entenc nenoos sysiem. Sowrce: Tortora and Dormckson

The muscles of mastication are controlled by the
wigeminal nerve (V CN), and the masticatory
reflexes arc controlled by nuclei in the brainstem
with input for the higher centres in the cerchral
cortex; hypothalamus, and amygdala (appetite
centres); it also has connections with the salivatory,
pustatory, and olfactory nuclei. In addition, the
mesencephalic nucleus of the oigeminal nerve
receives  proprioceprive inpur from the reeth
{periodontal ]ig:llm.'r:l:]. mandible, and tempara-
mandibular joints (TM]). These connections allow
coordination of general sensory, proprioceprive,
gustatory, salivatory, and olfactory reflexes with
MAsICATion.

The rhythmic contraction of the muscles con-
trolling jaw opening and closure is determined by a
central PALEEmn gencrater located in the brainstem.
The presence of food in the mouth initiaees reflex
inhibition of jaw=closing  muscles  (temporalis,
masserer, and medial prerygoid) and activation of

jaw=opening muscles (lareral prerygoid and suprahy-
aid musces) allewing the mandible w drop. A
strerch reflex follows and causes a rebound contrac-
tion of jaw-cloging museles allowing the teeth o
contact the food again and the cycle is repeared. In
addition 1o simple depression (opening) and cleva-
tion (closure) of the mandible, masticarory move-
ments also involve protrusion, rerraction, and
side-to-side movements of the jaw. All jaw move-
ments are nlumarely vanslared ar the TM].

Ohnee Initiated, mastication is largely a subcon-
scious activity, MNevertheless, voluntary control is
maintained, and mastication can be interrupted if
the reeth encounter a hard object in the food, such
as a stone or picce of bone. The number of chewing
cycles depends on the exwre, aste, emperare,
and palatability of food. When the Food has been
chewed, it is termed a bolus. The tongue then
pushes the bolus back towards the aropharynx o
inieiane swallowing.
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Clinical Relevance

Bruciom is a parafunctional habir, often associared
with physical or psychological stress. It is characrer-
ised by inveluntary jaw denching and grinding of
teeth usually during sleep, though it may also
be observed in the daytime, Bruxism may lead o
atrition, 3 type of tooth surface loss involving the
occlusal surfaces of posterior tecth and incisal edges
af anterior teeth. In addition, bruxism may lead o
hyperirophy of masticatory muscles, which is usu-
ally most conspicuous in the masseter muscles and
resulis in facial asymmetry andlor a squarish appear-
ance of the face, Morcover, bruxism may also lead o
displacement and damage 1o the disc of the TM],
which is often manifested by joine pain, clicking,
and reduced mouth opening.

Advanced periodontal disease characterised by
gross tooth mobility reduces masticatory efficiency.
Similarly, loss of tecth. especially the molars, reduces
masticatory cfficiency and often warrants replace-
ment with artificial recth. Derangement of occlu-
sion may resule from facial trauma or improper
restorative dentistry and causes reduced masticatory
efficiency. The masticatory system has an ability o
adapt 1o changes in food type or occlusion, loss of
teeth, or to dental appliances, such as dentures.

Swallowing

Swallowing, or deglutition, allows the passage of
food. drinks, and medicines from the oropharynx
into the oesophagus and ultimately inro the stomach.
The pharynx is also a passage for breathing, and the
act quwa]thing lasts only a few seconds o ensure
that breathing is interrupted for as short a time as
possible. Swallowing involves a complex neuromus-
cular activity and is divided inta three phases, namedy
oral, pharyngeal, and ocsophageal (Figure 9.3).

Oral (Voluntary) Phase

Once the bolus of food has been prepared by masti-
cation, it is voluntarily rolled back wwards the oro-
pharynz. This involves contraction of the orbicularis
oris muscle allowing the lips to adduce and seal the
oral cavity followed by elovation of the TOngue,
These movemenis allow the bolus o be pressed
berween the wngue and the palare, faciliaring i
transpon twowards the oropharyne,

Pharyngeal (Inveluntary) Phase

This phase is involunrary and involves the rransport
of food from the oropharynx inta the ossophagus.
This phase usually lasts for up ta six seconds and is
accompanicd by inhibition of breathing. The pres-
ence of food in the region of the palatoglossal and
palatopharyngeal arches (tonsillar pillars) initiates a
complex sequence of muscular contractions o
accomplish the pharyngeal phase. These include:

* Elevation of the soft palate blocks the posterior
nasal apertures, preventing entry of food into the
nose.

* The palatopharyngeal arches are pulled medially,
forming a narrow slit for the passage of food suita-
ble for swallowing and ar the same time preventing
large pieces of food to geo through.

* The pharynx along with the hyoid bone is pulled
upwards. and forwards by the pharyngeal and
suprahyoid muscles.

= The larynx is pulled antero-superiory, the vocal
cords are approximated, and the epiglowis covers
the laryngeal opening. These movements prevent
entry of food into the larynx and trachea.

* The upper ocsophagus (pharyngo-ocsophageal)
sphincrer relaxes.

 Fimally, the contraction of pharyngeal muscles
propels the belus down the pharynx inte the
oesophagus,

The muscular movements are conerolled by
the swallowing centre in the brainstem {pons and
medulla). Affercnt impulses o the swallowing
centre are transmitted by the branches of the
trigeminal and glossopharyngeal nerves. The effer-
ent (motor) impulses to the muscles of the palate,
pharynx, and ocsophagus are transmitced by the
trigeminal, pharyngeal plexus (glossopharyngeal,
vapus, and accessory nerves), hypoglossal, and
superior cervical nerves.

Oesophageal (Involuntary) Phase

This phase transports the food from the oesophagus
into the stomach, The upper osophagus walls
contain striaved muscles innervated by the pglos
1.1]|1|:|.'|_rrngu'.1| (1% CNJand VAgs (X CM). The lower
rwi-thirds of the m‘mpil.l.l.-,l;at walls contain smooth
muscles and recetve dual innervation from the local
myenteric plexus as well as the vagus nerves,
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Figure 9.3 Diagrammalic representation of oral {a), pharyngeal (b}, and oesophageal (c) phases of swallovwang.

The oesophageal phase is accomplished by contin-
uation of the peristaltic wave generated in the pharyne
and, when aided by gravity (upright pesition], allows
the foed wo reach the stomach in five to cight scoonds,
IF the bolus of foed is o large For the primary peri-
staltic wave to transport the food down the oesopha-
gus, secondary peristaltic waves are initiated, following
the distension of the oesophageal walls. The secondary
peristaltic waves are initiated by stimulation of the
myenteric plexus as well as by efferent nerve fibres
fram the glossopharyngeal and vagus nerves.

transmission of the peristaltic wave from the
osophagus w the stomach is preceded by relaxarion

of the lower ossophageal (gastro-oesophageal) sphinc-
rer allowing entry of the bolus into the stomach.

Clinical Relevance

Cuastro-oesaphageal reflio: diseaze (GORD) is character-
ised by regurgitation of ocphagel and swmach cone
rents into the oral caviry: Risk facrors include pregnancy,
obesity, smoking, incompetent lower oesophageal
sphineter, and hizous hemia, The latter is cnsed by pro-
rrusion of the stomach into the chest cavity due 1o a
weakness in the diaphrgm. GORD muy lead 1o crosion
of the dental hard tisues, as expliined in Chaper 10,
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Dysphagia, or difficulry in swallowing, may be
associated with several conditions such as newro-
logical disorders (head injury, stroke, dementia,
Parkinsonism), cancer of the mouth and ocsopha-
gus, and GORD. Moreover, spreading oral infec-
tions may invelve the pharynx and lead 1o dysphagia.
Developmenmal anomalies of the palate, such as clcfe
palare, lead to difficulties in feeding and swallowing
in infants, Feeding aids may be required uniil a sue-
gical repair of the defects is undernaken.

The gag reflex is trigpered by tactile stimulation soft
tissues of the posterior tongue, soft palate, tonsillar
regions, and pharynx. An inmct gag reflex helps 10
prevent choking. Spillage of local anaesthetic agenrs
in the mouth may lead to temporary impairment of
gag reflex. Some individuals have bypersensitive gag
reflex (HGR). which is activared by the presence of
objects in the mouth. Dental instrumentation and
denal impresion-taking in individuals with HGR
may be challenging becawse of persistent gagping.

Movements of the Stomach

The stomach is a hollow muscular organ that con-
nects the i:rcsauph.lgus with the dusdenum {small
intestine). Entry of food from the oesophagus into

the stomach is controlled by the lower-oesophageal
sphineter, while the pyloric sphincter controls the
passage of foud from the stomach 1o the duodenum
(Figure 9.4). The stomach is divided into several

Tegions:

* Cardia; the region connecting the stomiach with
the lower oesophaguis.

= Funefus: the superior curvarure of the stomach.

* Body: the central region constituting the main
bulk aof the stomach.

= Pyplorss: the lower region connecting the stomach
with the duodenum.

The motor fanctions of the stomach include
mixing of food with gasiric secretions 1w form a
semi-fluid mixture known as afyme, storage of food,
and empeying of chyme into the small imestine.

Entry of food into the stomach distends its mus-
cular wall and activates parasympathetic impulss
which relax the stomach muscles, greatly increasing
its capacity to accommodate large quanitics of
food. The volume of the stomach usually ranges
from 1 to 1.51. but distension by food may increase
it three- o fourfold.

Cantractions of the stomach wall allow gastric
secretions to mix with the food and tarn i ino a

PYLORLIS

Lasser
PYLORIC CANAL

PYLORIC ANTRUM

Figure 8.4 Structure of the stomach. Scurce; Tertora and Darrickson (2013).
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semi-fluid mixture (chyme). When the chyme is
ready 1o be empried into the duodenum, the stom-
ach contractions become five- o sixfold stronger,
lr.lnsﬁ:h'ming into intense peristaliic waves often
referred 1o as lnyfnnr Jpairmp, .i'l.]l,hi:u:gl! I1ig|'l1}' waria-
bl 50% of stomach contents are usually empticd
in two o three hours. However, the total transic
time |.'|!|- rnu-d i“ 1|i|:; a.lrrrn:u;h may I'H.! up L{5] 1".\.-.; !muts.

The raic of emprying of chyme into the duode-
num is controlled by gastric as well as inrestinal fac-
tors. Gastric facrors increase the activity of the
prloric pump, promoting emprying of the stom-
ach. These include distension of the stomach wall
by chyme, which stimulares the myenteric plexus
and release of a hormone, gaseiy, from the stomach
mucosa. O the other hand, entry of chyme into
the ducdenum reduces stomach emprying. The
rate of stomach emprying is reduced with increased
volume and acidity of rhe duodenal chyme. In
addition, prescnce ol irricants and profcin bireak-
down produces in the dusdenal chymie also reduce
stomach empiying. These inhibitory reflexes are
mediared by the local myenteric plexus, auonamic
nerves, and several hormones including: elalecysro-
kinin (released by the jejunum), secretin {releascd
h].' flil; dl.lm11;41|.|.|||}, m:d _H'r:l'ifr."f J;l.nf,:."iu'ra:_'}' ﬁqr.-:jdr o
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glicose-dependent insulinotropic pepiidle (released by
the duodenum).

Movements of the Small Intestine

Th small intestine consists of duodenum, jejunum,
and ileum and measures approximarely 6m (20 f1) in
length and 2.5-3em (1) in diameter (Figure 9.5).
lis movemenis serve o mix and propel food. The
presence of chyme causes segmental contracrions of
the small intestine at a rare of 8-12 contractions per
minute. The contractions are generated by elecrical
slow waves gencrated in the inresrinal wall and stim-
ularion of the myenteric plexus. The small intestine
is the main site of digestion and absorprion of nurri-
ents, The contractions help to mix the feod with the
intestinal secretions and spread the chyme against
the intestinal mucosa for absorprion. In additien w
mixing, the contractions of the small intestine gener-
ate peristaltic waves which propel the food through
the small intestine at a rate of 1 cm per minute. The
peristalric waves in the small intestine primarily rep-
resent continuation of the peristalsis generated by
the myenteric plexus in the stomach, The intestinal
peristalses are enhanced further by the presence of
chyme, which distends the investinal wall. Finally,

SMALL INTEMSTIMNE:
DUODENLIM

JEJUNLIM

ILELIM

Slomach

Large
inbesling

Figure 9.5 Extarnal anatomy of the small intesting (Anterior view). Source: Tortora and Darrickson (2013).
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several hormones, such as gastrin, cholecystokinin,
and insulin, also increase intestinal monilicy.
The emprying of chyme from the ilewm, the rer-
minal pare of the small intestine into the colon, ks
controlled by the dleocaecal sphinceer which lines the
ifeoeaecal valve ar the juncrion of terminal ileum and
caccum. The ileocaecal valve alsa prevents the back-
flow of faccal contents from the colon into the small
intestine. The transit time of chyme in the small
inrestine ranges from three 1o five hours, and is
emprying into the caccum is facilitated by powerful
contractions of the ileumn (gastro-ileal reflex), relax-
arion of the ileocaceal sphincrer and reflex feedback
from the colon.

Movements of the Large Intestine

The large intestine, or colon, is an approximarely
1.5m long muscular rube, It consists of four paris;
the ascending colon. the wansverse colon, the
descending colon, and the sipmoid colon. The
ascending colon is connected to the ileum by an out
pocketing of the large inrestine, known as the cae-
cup. The sigmoid colon leads to the recrum, which

provides a route for expulsion of the faccal wasie
through defaccation (Figure 9.6).

The proximal parts of the colon (ascending and
transverse colon) are primarily responsible for the
absorprion of salts and water, while the function of
the distal half of the colon (descending and sigmoid
colon) is to swore faccal marcer before it is empried
into the recrum.

The colon provides two types of movements,
Firstly, mixing movements result from the perindic
contractions of muscular wall of the colon and aid
in the absorption of water and electrolytes in the
chyme, Approximarely 1.5-21 of chyme is empticd
into the large intestine each day but only 100-200m|
is expelled as feces. Secondly, propulsive or mas
meeciments occur one o three times per day.
especially in the morning. The mass movemenis are
maodified peristaltic movements characterised by a
series of conrractions lasting for 10-30minutes
and facilitate propulsion of the faccal marrer into
the rectum,

Mormally, entry of intestinal contents into the rec-
tummn is prevented by the constriction of a thickened
band of circular smooth muscle (inrernad anal
sphineter), located between the sigmoid colon and
rectum. Morcover, the evternal anal sphineter, locaved
distal to the internal amal sphincter and surrounding
the anus, prevents expulsion of facces through the anus.

A Aorviaericar vy oF L HH R e AT
T

Figure 8.6 Anatomy of the karge inlestine. Source: Tortora and Derrickson (2013},
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Mass movements force the ficees into the rectum
leading 1o disiension of the receal walls. This stimu-
lazes. peristalsis through the local myenteric plexus
follewed by activation of the parasympathetic fibres
in the pelvic perves. These nerve signals ultmarely
initiate the defaecarion reflex, which involves inhibi-
tion of the internal anal sphineter (involuntary) and
relaxation of the exvernal anal sphincrer (voluntary).
In addivion, the defaccation is aided by tking
a4 iltLp l;lrc;z,lh, rurn;_'u:'ll 1-xpir4:i1,1||. .ng.."l.ith! a r.!!l.'ﬁu:c]
ghotiis (Valsalva manoeuvre), and contraction of
the abdominal muscles to force the expulsion of the
fecal mateer through the anus. Relaxation of
the external anal sphincrer is often accompanied by
relaxarion of the urcthral sphincter and this explains
whiy defaccation is often accompanied by simultane-
OELS LMo,

Clinical Relavance

Defaccation is |:rg¢|y under wﬂuu.l::r}" control CHCEpE
in infanis and young children. Loss or‘vnlun:.:ry COn-
ol of defaceation and/or urination (incontinence)
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may resule from diarthoca; physical trauma, includ-
ing surgical insules; inflammatory bowel disease; and
psychological faceors, such as frighr.
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CHAPTER 10

GIT Secretions
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Key Topics

B Overview of gastrointestinal tract secretions
u Common disorders of gastrointestinal secrefions

Learning Objectives

To demonstrate an understanding of the:

m Composition, lunctions, and control of saliva, gastric julce, pancrealic juice, bile,
and intestinal juice

m Common disorders of gastrointestinal secretions and their impact on oral and
dental health

Introduction

The gastrointestinal (GIT) tract produces a variety of secretions which play a key role
in the digestion of food. Morcover, the lining of the GIT contains millions of mucous
glands which produce mucous, Mucous is a thick viscous secretion which helps in the
lubrication of food, facilitares digestive movements, and protects the GIT lining from
irritarion by food and digestive secretions. The exocrine glands associared with the
GIT seerete up o 7 | of Auid daily. In addition, 2.0-2.5] of fluids are ingested cach day.
Apart from approximately 100ml expelled in the facces, the remaining flukd is
reabisorbed in the intestines, reflecting the contribution of GIT o hacmostasis.
The seeretions contain mucous, digestive emeymes, elecrrolytes, and other ingredicnts.
The primary stimulus for secreeions is the presence of food in differenc parts of the
GIT. The neural control of GIT secretions is provided by the local (enteric) nervous
sysrem as well as the autonomic nervous syscem. Parsympathetic stimularion generally
causes 4 marked increase in the rates of secretion in most parts of the GIT. Although

Faemsial Plyclalogy for Dennal Sewadenes, Fin Edivion. Edied by Bamran All and Elizabeth Peabhalear.
A 2019 Joha Wiley & Sois Led. Pablished 2019 by John Wiley & Sons Led.
I:",nnmpul.in-n et be: ﬂw.wﬂqmnfﬁpfﬂifphpiulgw
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sympathetic stimulation cuses a mild to moderare
increase in secretions, it also causes vasoconstRction
in the glands. Sympatheric vasoconstriction may
reduce the effect of parsympathetic or hormonal
sceretion and indirectly lead to a reduction in secre-
tions. In addition, several hormones also influence
the raie and chamcier of GIT sccrerions,

Saliva

Saliva is produced by exocrine glands known as salfi-
vy glaval. These include three pairs of major salivary
glands — i.c. the parotid, submandibular, and sublin-
gual glinds (Figure 1001}, approximarely 600-1000
minor salivary glands located beneath the oral mucosa.

The sccretory units (acini) of salivary glands arc
composced of owo types of cells, namely mucous and

serous cells. The mucous cells produce thick viscous
secrerions consisting of mueins and glycoproteins
which provide lubrication and serve as a protective
coating of oral mucosa. The serous cells produce
thin watery secretions which help in cleansing and
aid in digestion. Parotid glands produce serous
secrerions with little mucous content. The subman-
dibular and sublingual glands are mixed, while
most minor salivary glands produce purely mucous
sccretions. Von Ebners salivary glands, located
adjacent to the cireumvallate papillae of the tongue,
are the only minor salivary glands which produce
SCIOUS SCCIETions.

Saliva is a dilute solution which is usually
hypetonic compared to the serum. Some important
fearures of salivary scerctions are summarised in

Table 10.1.

PARQTID DUCT

(a) Location of salvary glands

OPEMING OF PARDTID DUCT
(near second mavilary mokar)

Second maxillary molar tooth
Tongue (raised in mouth)
Lingual Iremsum

LESSER SUBLINGUAL DUCTS

SUBMANDIEULAR DUCT

240
() Fonion of submandibular gland

Figure 10.1 Major salivary glands include parotid, submandibular, and sublingual glands {a); microscopsc stucture
of the submandibutar gland comaining sarmus and mueows acini (b). Source; Tortor and Derickson (2013),
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Characteristic Description

Total daily secretion BO0-1500ml
Submandibular glands G60%
Paratid glands 25-30%
Sublingual glands 3-5%
Minor glands T=10%

Flow rate - unstimulated saliva 0.3 to 0.4 mimin"
Submandibular glands G0-65%
Paratid glands 20-25%
Subhngual giands 3-5%
Minor glands 5-10%
Contributes 10-50% of tolal daily saliva

Filow rate - stimulated saliva 1.0 1o 2.0ml min-"
Parotid glands TO0=80%:
Submandibular glands 25-35%
Sublingual glands ~5%
Minor glands ~5%

Confributas 50-90% of fofal daily salive

FR B.8-74

Composition

The main constituent of saliva 5 warer (999).
Oiher constituents include:

* Elecrrolyres: The main elecirolyres in saliva arc
sodium, potassium, calcium, magnesium, chloride,
bicarbonare, phosphare, fluaride, thiocyanare, sul-
phate, and iodine.
* Prowins: Proteins in the saliva are produced by
salivary acini as well as being derived from serum
and consist of eneymes and antimicrobial facrors.
¢ Protcins of acinar cell origin include: lipase, amyl-
ase, mucous ghecoproteins, prolinesrich glycopro-
teins, cystarins, ryrosine-rich proteins (starhering,
histidine-rich proteins, and perosidase,
¢ Proteing of non-acinar ecll origin include lyso-
same, immuneglobulin A (IgA), epidermal-derived
growth factor (EDGF), nerve growth factor, and
kallikredn.

The saliva produced by the acini of the salivary
glands undergoes some modifications as it passes
through the ducts prior 1o secretion in the oral cavity:
The main ductal modifications indude active reab-
“orprion of sodium into the plasma and seeretion of

poassium into the duct lumen. Chleride is ilso reab-
sorbed passively, while bicarbonare concenration in
the saliva increases as it is actively secreted into the
ductal lumen. Stimulased saliva (mainly from the
parotid gland) has an even higher concentration of
bicarbonate, which enhances it buffering capaciry.

After secretion into the oral cavity, desquamated
epithelial cells, microorganisms, crevicular fluid,
and food remnants are mixed with saliva,

Functions

Saliva performs an important role in the mainte-
nance of oral healch.

¢ Lubricarion: Mucins and glycoproteins lubricare
the oral tissues, which reduces mechanical, thermal,
and chemical irritation. Lubrication also helps in
mastication, swallowing, and speech. Marcover,
lubrication aids in the adapration wo dental prosthesis,
such as dentures,

= Cleansing: Saliva provides a cleansing action and
aids in the clearance of food particles from the oral
cavity. The cleansing action also reduces plague
accurmmlation in the oral caviy.
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* Tasre perception: Saliva aces as a solvent for taste
stimuli in food and other ingested substances, such
as drugs, The raste stimuli dissolved in saliva are car-
ried to the waste buds o initiate taste perceprion
(gustation).
* Digestion: Saliva lubricares the food and aids in
the formation of a bolus prior 10 swallowing.
Salivary amylase helps in carbohydrare digestion by
breaking down starch into maltose and glucose.
Salivary lipase initiates the digestion of fars.
» Regulstion of water balence: Reduction in salivary
flow stimulares the thirst mechanism, which helps
in warer regulation.
* Amsrmicrobial acions: Saliva conmains  several
antimicrobial facrors including:
& Glwaproteing, proline-rich proieins, hisidine-rich
prroceing, and satherines agplurinare microorganisms,
prevent their adherence to oral risues, and help
their dearance from the oral caviry.
° fgA in saliva has antimicrobial propertics.
e Lysozyme, an enzyme, hydrolyses polysaccha-
rides of bacrerial cell walls, causing cell lysis,
L] Ld'mﬁr.ri:.r, an iron-binding protein, enhances
the anrimicrobial actions of antbodies.
2 Peroxidssr from acinar cells, in the presence of
H.O,, catalyses the conversion of thiocyanate
{formed by ducral cells) into hypothiocranare,
which is bacteriostatic.
* Buffering: Bicarbonare ions in the saliva help 1o
maintain the pH of the oral cavity. The bicarbonare
eoncentration of saliva is higher in stimulared
saliva, which increases its buffering action and
helps 1o neutralise dictary and plague acids.
Phosphate, urea, and negatively charged residues of
salivary protcins also contribure o the buffering
actions of saliva,
* Tooth maturiion and  remineralisation: Saliva
contribures 1o post-cruptive tooth matration by
promoting mineral deposition inte surface enamel.
Moaorcover, it helps in the remineralisation of enamed
before acrual eavitarion. The acquired enamel pellicle
(AEP) formed by salivary prowcins concentrates
calcium and phosphare against enamel surface and
helps in its remineralisation. This process is facilianed
by the presence of Mluoride ions in the saliva

I needs 1o be reiterated that several actions of saliva
(cheansing. buffering. antimicrobial, and promaotion
of enamel remincraliswion) play an important role in
reducing woth decay (denal caries).

Regulation of Salivary Secretion

Salivary secretion is stimulated by the thought,

aroma, and noise of food preparation. Presemce of
food in the mouth stimulares both the mechanore-

ceprors (oral mucosa and periodontal ligament) a

well a5 the msic buds (rongue). The secretion s

under the control of auwtonomic nervous systefm.

Mechanieal, thermal, chemical, and gustatory

stimuli gencrate signals in afferent fibres of the

trigeminal, facial, and glossopharyngeal nerve.

Inpur from the trigeminal (¥ CN) and the solirary
tracts (VI IX CN) sends interneurons 1o the
salivary nuclei in the medulla oblongara. Efferent
signals 1o the salivary glands are conducted by the
branches of the cranial nerves, The preganglionis
fibres 1o the submandibular ganglion cravel via
the chorda tympani and lingual nerves and the
postganglionic fibres innervate the submandibular
and sublingual glands. The preganglionic fibres w0
the otic ganglion travel in the glmmph-'lr}'ligﬂl
nerve and the postganglionic Abres are distributed
to the parotid glands via the auriculotemporal nerve
{Figure 10.2). Minor salivary glands are supplied by
parasympathetic nerve fibres in the buecal branch of
the mandibular nerve, the lingual nerve, and the
palatine nerve.

Parasympatheric stimulation increases the secre-
tion of water and electrolyres and thus contribures
to the volume of saliva, Sympatheric stimulation
does not increase the flow rare but enhances the
secrerion of enzymes in the saliva.

Salivary secretion is also influenced by input
from the higher centres, incuding the apperite
eentre af the hypothalamus.

Clinical Relevance

Reduced salivary secretions leads o xerosomia, a
condition characterised by dryness of mouth.
Resting salivary flow rate of < 0.1 mlmin! and/or
stimulated salivary flow rate of < 0.5 mlmin™' are
indicative of xerostomia. Causes include: Sjogrens
syndrome, an autolmmune disease; salivary gland
damage by radiation therapy for head and neck ean-
cer; endocrine disturbances, such as diaberes: drugs
{antiallergics, anticholinergics,  antidepressants,
anxiolytics, erc.); and age-related changes.
D'-'!Pl-'l'ldillg 0 iEs severin ¥, XECOSLOIMIA My lead to
several symproms, including difficulty in speaking
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Figure 10.2 Conlred of salivary secretions by the aulonomic nanvous system. Sowrce: Proctor (2016).

and swallowing, rasre disturbances, increased plague
accumulation, and dental caries. Xerostomia also
disturbs the microflora in the oral cavity and is a
risk Factor for opportunistic oral infections, such as
Candicliasis (oral thrush). Reduced deansing action
and food retention in the mouth may result in
bad breath (halivosis). Difficultics may also be
expericnced in wearing dentures and ather dental
prosthesis, Finally, xerostomia may lead 1o a painful,
burning sensation on the oral mucosa (dysgeusia).

Inereased producrion of saliva is rermed poyalivm
or stalorrfioen. It iz much less common than xerosto-
mia and may be associated with local irritarion, ill-
Rtting denturees, infections, poisoning, scxual orgasm,
pregmancy, and certain: drugs, such as lithium and
cholinergic aponists.

Uningentional spillage of saliva from the mouth is
termed droading and is usually caused by poor neuro-
muscular control of orofical muscles. Conditions
associared with drooling include mental reardarion,
cereliral palsy, Down'ssyndrome, stroke, Parkinsonism,

and surgical jaw reseetions. [t may lead o macerared
sores around the mouth and increases the risk of
secondary skin infections,

Gastric Secretion

The stomach produces gastric secretion and its
average volume is 1200-1500ml per day. The pH
of gastric sceretion ranges from 1.5 o 3.5, Gastric
secretion is produced by the following several
groups of cells (Figure 10.3):

* Surface mecons cells sccrete a viscous mucous, which
coars the inner lining of the stomach, providing lubri-
eatien and protection against damage by gastric add.
= Owynric (pasteic) glands represent 80% of stomach
glands and contain the following cell rypes:

= Pepric (chief) cells secrere pepsinogen

o Farieral foxyntic) cells secrere hydrochloric acid

and intrinsic fetar

= Mucous neck cells secrete mucous
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* Pylaric glands constiute the remaining 20% of the
aoimach glands and conmin the following cell types:
* Murcons cells secrete mucous
® {7 cellt secrere gastrin,

Functions

The water in gastric sccretion helps o liquefy
the food, which promores gastric movements and
digestion,

v Hydroclforic acid acidifies the gastric contemts.
which helps 1o activare pepsinogen into pepsin,
neutralise the actlon of h:l.lll'i'.lr}’ .||||}'].|:':-'.'. and kill
ingested microorganisms,

* Pepsimogen is activated o pepsin by the gastric
acid and helps in the infdal breakdown of proteins.
The aptimal pH for pepsin is 1.8-3.5 and is inacti-
vatediar a pH of= 5.

* [ntrinsic facror helps in the absorprion of vitamin
B12 from the small intestine (ilewm).

Production of Gastric Secretion
Gastric secretion involves three stages:

* The cephalie phase accounts for abour 30% of
total gastric secretion. The presence, sight, smell,
and raste of food stimulates higher centres in the
eerchral cortex and the appetite centres. Neurogenic
signals are transmitted via the vagus nerve 1o the
stomach, stimulating gastric sccrcrion prior 1o the
entry of food.

* The gastric phase is responsible for abour 60% of
the woral gaseric secretion. The presence of food in
the stomach stimulares gastric secretions via mulri-
ple mechanisms, including vagal reflexes, local
enteric reflexes, and release of gastrin.

* The frtestinal phase accounts for only 10% of
gastric secretions. The entry of food in the duode-
num stimulates gaserin and leads 1o continued gas-
tric secretion in small amennts,

Control of Gastric Secretions

Parsympathetic secretion stimulates the seeretion
of all components of the gastric juice, including
hydrochloric acid, pepsinogen,  and  mucous,
Gastrin secrered in response to the presence of pro-
|'=i1?l"l:|:l-|1'r:1i|1|nq:--r foods in the stomach stimulates the
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secretion of hydrochlorde acid. A similar effect is
produced by histamine.

The passage of food into the small intestine inhib-
its gastric secretion. This is accomplished through
neurogenic reflexes a5 well as seeretion of severl
intestinal hormones, such as secretin, gastric inbibitary
prepricde, sopwarostaring and vamactive futestinal pepride.

Disorders of Gastric Secretions

Reflux of gastric secretion into the ol cvity may
result  from  gastro-oesophageal  reflux  disease
(GORDY), recurrent vomiting, and ruminarion. The
presence of gastric acid in the mouth may lead 1w
crosion of denmal tissues, a type of tooth surface loss.
Ercsion due to gastric acid usually affects the palaal
surfaces of teeth. Tooth erosion leads 1o irreversible
loss of wooth strucoure due to dissolution by the
acid. Tooth erosion may alsa result from consunip-
tion of foods with a high acid conrenr, such as citrus
fruits and juices, vinegar, and wines,

Auroimmumne damage of gastric parietal cells
leads to deficiency of intrinsic feror, This in
leads 1o impaired abserprion of vitamin B12 from
the small intesting resulting in the development of
pernicious anzemia (see Chaprer 14).

Pancreatic Secretion

The cxocrine pancreas produces a fluid conaining
digestive enzymes, bicarbonate ions, and warer. The
average daily volume of pancreatic secretion is about
1000ml and its pH ranges from 8.0 to 8.3. The
digestive enzymes are produced by the acini, while
the bicarbonate fons are secreted by the ductal
epithelial cells. The pancreatic secretion is colleered
by the pancreatic duct which is empried into the

dusdenum through the pagillia of Vister (Figure 10.4),

Functions

The bicarbonate ions involved in pancreatic secre-
tion serve to neutralise the gastric acid and provide
an appropriate pH for the action of digestive
engymes in the pancreatic secretion,

The enzymes in the pancreatic secretion include:

* Proveases: Trypsinand chymratrypsin break down pro-
teins and polypeptides into pepride. Carboxypepidase
splits peprides to release individual amine acids.
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Figure 10.4 Aalatonship of the duodenum with pancreas, liver, and gall bladder (a); ducls carrying bile and
pancrealic juice into the duodenum (b). Source: Toriora and Derricksan (2013).




» Lipaies: Pancreaire lipare hydrolyses neutral fars
into fatty acids and monoglycerides, cholesreral ester-
ase breaks down cholesterol, and phosphaolipase
breaks down phospholipids ince faey acids.

= Amplases: Pancrearic amplase breaks down polysac-
charides, such as starches, to release disaccharides.

Regulation

Pancreatic secretions are regulaed by parasympa-
thetic stimulation and hormones secrered by the
smallingestine, Parasym pathetic stimulation releases
acerylcholine, which stimulares the release of diges-
Ve CMEVITCS |!}' pancreatic acini. f."."mfrq-:rukirr.l’n
seercted by the duodenum and upper jejumim has a
similar effeer. Finally, seererdn, produced by the duo-
denum and upper jejunum, stimulates the release of
lagge amounes of water and bicarbonare ions by the
pancreatic ductal epithelium.

Bile

Bile is a greenish-yellow fluid screred by the hepat-
OCYLES in the liver and E:ll:t:,.-x a L‘.cy role in the :Ii!.';L"S-
tien of fais, The average daily velume of bile is
60-1000m] and s pH ranges berween 7.0 and
8.0. After secretion by the liver, bile is either emp-
tied dircctly into the dundenum passing through
the hepatic and common duets or it may be stored
for a few hours in the gall bladder.

Composition

Bile consists of water (9794), bile salis, bilirubin,
fars (cholesterol, fary acids, and lecithin, and elec-
teolytes (sodium, potassium, calcium, chloride, and
bicarbonare ions). During is storage in the ga”
Bladder, bile is concentrated by absorprion of warer
and electrolyres (excepr calcium). This raises the
concentration of bile sales, bilirubin, and fars 5- 1o
15-Fold in the bile stored in che gall bladder,

Functions

Bile sales reduce the surface tension of the Fus,
faciliraring their breakdown, an action referred 1o as
the deteryene or emulsifying funciion ol bile salis,
This breakdown facilies the action of lipases in
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the pancreatic juice. Moreover, hile salts form small
complexes with digesved lipids 1o facilitate absorp-
tion of lipids. These complexes, known as micelles,
are then ransported into the blood through the
intestinal mucosa,

Regulation

The presence of farry foods in the intestine stimu-
lates the release of cholecystokinin, which promaores
the emprying of the gall bladder o release the storncd
bile. Empeying of the gall bladder is also stimulated
by acerylcholine: Inaddition, secretin, like its action
on the pancreas, stimulates the release of bicarbo-
nate ions and water in the bile, which further helps
o neutralise the gaseric acid in the small inrestine.

Intestinal Juice

The lining epithelium of the small intestine secretes
a pale-yellow fAuid with a pH of 7.5-8.0. The daily
secretion of intcstinal juice is up to 1800ml. Ie
n;_'n;:ll“_:lil'ls. |:|.r3-_!'u; AMOUneE 11-"- ilk:‘l.li.l'i: Mucdus, Waler,
and clecrrolytes. In addition, the enterocytes cover-
ing the villi conrain several eneymes which help in
completing the digestive process. These include

* fnreseinal pepriclases, which break down peptides
ineo individual amino acids,

# [urestingl  swerase, maliase, and  lectase,  eic.,
which break down respective disaccharides into
monosaccharides.

= [Iutestinal fipase, which break down neureal faes
ingo farry acids and glycerol.
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CHAPTER 11

GIT Digestion
and Absorption

Elizabeth Prabbalar and Kamran Ali

Key Topics

m Owverview of digestion and absorption in the gastrointestinal system
= Common disorders of digestion and absorption

Learning Objectives

To demonstrate an understanding of tha:

m Key funclions of the small and large intestines

m Digestion and absorplion of carbohydrates, proteins, fats, vitamins, and minarals
m Absorplion of walar

m Common disorders of digestion and absorption and their impact on oral health

Introduction

The complex dictary nutrients such as carbohydrates, proteins, and fats are firse
hydralysed into simpler forms by the digestive enzymes prior to absorprion by the
intestines (Chaprer 10). Dietary carbohydrates usually consist of polysaccharides and
disaccharides and are hydrolysed inte monosaccharides by carbohydmre-digating
enzymes prior to absorption. Similarly, dietary proreins are broken down by protealyric
enzymes into constituent oligopeptides and amine acids. Finally, dictary Fats, which
mainly consist of wiglycerides, are hydrolysed inro free fary acids by fat-digesting
enzymes prior (o absorption. Vitaning and minerals, an the other hand, are absarbed
directly. The intestines arc responsible for the absorption of the ingested Auids
1.5 to 21) plus the Mluids expressed in gastroiniestinal (GIT) scererions (approximately 71)
each day.

Etereriatl Ploneodagy for Dental Smadenes, Fiein Edivon, Edited by Kamran Al and Elizabeth Prablakar,
© 2019 Joha Wilcy & Sons Led. Pablished 2019 by John %Wiley & Sons Led.
Companion website: wwwowilovooan/gofalif physinlogy
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Absorption in the Small Intestine

The lining mucoss of the small intestine is folded inte
small projections known as rilli (sngular: villus) which
project | mm from the surface and greathy Incrense the
absarprive surface anc (Figure 11,10

The digested carbohydrates, proteins, and shiort
chain ety acids are absorbed from the cpithelial
cells {enterocytes) of the small intesrine int blood
circulation in the following sequence:

Lursen of srmall intestine — microwilli (Brosh border)
anr apieal surface of villus — epivhelial cell af villis
— capilliry af willas — bepavic porial vein — liver.

In the casc of complex lipids or micelles, the
route of absorption is not through capillasies of
the villus but via lacteals of the villus and then into
the thoracic duct, which emprics imo the leht
internal jugular and left subdavian vein:

Lacteal of villies — thoracic duct — lefi invernal jugular
eein and loff subclavian vein.

Carbohydrates

The transport of glucose and galacrose is facili-
tated by the carrier sodium glucose symporrer
{SGLT 1). The active transport of cach monosac-
charide is coupled to the simulianeous transporn
of Ma“. The process is called secondary acrive rrarns-
pors because the CNETEY NeCessary for this is nor
fuelled by adenosine triphosphate (ATP) but from
the clectrochemical Na® gradient which exists
across the apical berder. The Ma® gradient is
maintained by the Ma*-K'-ATPase pump found in
the basolateral surface of the epithelial eell (like
the ‘pump’ mainining the resting membrane
potential of the nerve cell). The monosaccharides,
glucose, and galactose are transported our of
basolateral surface by facilitated diffusion via glu-
cose rransporiers (GLUT 2) into the capillary of
the villus and then into the hepatic portal vein
and into the liver. Frucrose is transporued by facil-
itated diffusion across the apical surface by GLUT
5 and out of the basolateral surface by GLUT 2,
into the blood.

GLUT 2 may have a role in osmoregulation by
preventing  ocdema-induced  stroke,  rtransien

ischacmic attack. or even coma when hlood plucose
is clevaed.

Proteins

The products of protein digestion are free amino
acids, dipeptides, and tripeptides, which can be
absorbed across the apical border. Because che struce
ture of the amino acids is variable, there are at least
four different symporters for mentnal, aciadic, bane,
and fmime amino acids in the cell membrane of the
cpithelial villus cells. The transport of cach type of
amine acid is Ma* dependent, and is analogous o
glucose and galacrose absorprion. Amino acids lcave
the basolateral surface 1o cnter the bloodstream by
facilitated diffusion.

Dipeprides and tripeprides are absorbed from the
lumen of the small inrestine by the oligopeptide pep-
tide transporter. Pep T {not shown In Figure 11.13,
present on the apical surface, wsing H* dependent
cotransport. The energy for this secondary acive
transport comes from the H* gradient across the api-
cal surface, This gradient is maimained by the Ma'=
H* exchanger on the same side of the membranc.
Onee the oligopeprides enter the oytosol af the epi-
thelial cell, they are digested by pepridases into amino
acids. The amino acids are transpored our of the
enterocyte into circulation by facilicared diffusion.
It is worth noting thar PepT is also capable of
ramsporting drugs such as [-lactam  antibiotics,
thrombin inhibirors, and angiorensin-converting
emyme (ACE) inhibitors into the intestine.

Lipids and Fatty Acids

Short-chain faty  acide are  lipid-soluble and
therefore can diffuse across the phospholipid cell
membrane on the apical surface casily and leave
the basolateral surface of the epithelial cell o
enter the bloodstream. On the other hand, disc-
shupcd micelles conmining long-chain facy acids,
monoglyeerides, cholesterol, and hile sales which are
lipophilic move close to the apieal eell membrane to
fuse with the phespholipid membrane. Long-chain
faey acids and monoglycerides move our of the
micelle and across the apical surlace of an enterocyre
by simple diffusion. Cholesteral enters the entero-
cyte by a specifie energy-dependent transporter.
Once inside the cell, long-chain fany acids and
monoglycerides are resynthesised inro criglycerides
in the smooth endoplasmic reticulum. Triglycerides
then combine with chalesteral and proteins o form
efrplonticrons, The hrg-: L|lf|11111'ic|:;|1 molecules



Chapler 11; GIT Digestion and Absorption / 103

Acinee e or
A A0S —— Socorlidny SCin) —4

o tranepon wilh MNa®
Dipeplides
[ _w R —
Tripepdides wranspan with H
[ ]
Small shor-cihain Simpla 5
falty acids dlusion

"

TO BLOOD Hopatic
CAPILLARY — pannl  —* Liver
OF AVILLUS L)

Junction of kil
*@_}_TGLH:TEAL_‘_EH_‘WMMr

OF AVILLUS and beh subclavian
Ving

Chylomicon Basolaberal
surface
Lismon ol Mzl E pithalisl
small irfestine {brush Bordar) calls ol vithis
o apaal surlace

] Mecharssms for mavemen of rarsents theough absomtive ekl colis of vl

Lymph confnimnng bighcevides in CHYLOMICRONS
[} Mevemant ol sbacrbod nubtienis inta Bood and lymph

Figure 1.1 Absorption of digested nulrents in the small intestine. Source: Tortera and Derrickson (2013

cannot diffuse owe of the enterocyte on the basolat-
eral side and therefore must be packaged in the
Goligh apparawus into sccretory vesicles. These vesi-
dles leave by exocytosis into the inrerstitial fluid and

are drained by lacteals of the willus into the
lymphatic sysvem.
Fallowing absorption of lipids and fay acids, bile

sales (from micelles) are rewrned o the hepatoeyres
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in the liver. This recirculation of bile berween the
intestine and liver i termed enteradbeparic cirendasion
(Chaprer 12),

Vitamins

Many biological reactions require the binding of
other molecules r.‘.llh:d COCHREYIEE O mﬁrmn 0 ACTE=
vate enzymes. Complex organic substances, like
vitaming, function well as cofactors or coenzymes in
our body. Absorprion of fat-soluble vitamins A, I,
E. and K is similar to other lipids, i.c. through the
formation of micelles and chylemicrans which are
then transported via lacieals into lympharic circula-
tion and released into general blood circulation.
Warer-soluble vicamins like C, B (B, B, B and
B, ). folic acid (B), and others are absorbed by
cotransport with Ma® in the small intestine as
deseribed above. The ahsorption of vitamin B
(cobalamin} requires an imrrinsic facror. Free vita-
min B . binds to R proeins in the saliva to form a
complex (viramin B -R protein} and transported
to the duedenum. In the pastrointestinal trace
(GIT), the h_'f'dl‘ﬂ-l:l.'l ic action of the pancreatic pro-
teases breaks che complu into its constituent parts
(vitamin B, and R protein). The vitamin B, com-
pancnt is then transferred by a glycoprotein, or
insrinsic factor, secreted by gastric pariesal cells 1o
form a complex (vitamin Br:--i:ntrinsic factor). The
complex i now resistant 1o the proteolytic action
of pancreatic enzymes and can travel 1o the ileum
te be absorbed by special receprors in the brush
border. Twenty per cent of the vitamin B, from
the intestine forms a biologically active complex
(vitamin B, —transcobalamin, or holotranscobala-
min} which enters the bloodstream and gerts rans-
poried toall cells of the body for DNA methylation
and protein synthesis. The remaining 80% of the
intestinal vitamin 31; enters the enterohepatic cir-
culation bound in another complex called piramin
B‘_._.--ﬁ..fp.rmrrin.

Thetefore, in the auoimmune discase pernifcrons
anaenid (described cardier, the anaemia refers to
lower than normal levels of red blood cells, RBCs),
there are three different amtibodics which can dis-
rupt vitamin B uptake. One antibody binds to the
vitamin B, —inirinsic factor comples, preventing
uptake of the vitamin B, . and thus prevent DNA
synthesis. The sccond antibody could bind 1o gas-
tric pqri:.'tﬂ cells inhibiting the production of the

intrinsic facror, and the third type of antibady ﬁﬂ“!d
bind 1o the intrinsic factor per s¢ to impair vitamin
B, uptake.

Without sufficient amounts of vitamin B12; eryth-
ropoiesis (RBC production in bone marrow) becomes
abnormal. Cell division of RBCs s affected and the
cells become oo large to leave the bone marmow,
Thus, a low number of RBCs cause impairment af
oxygen transport by haemoglobin leading o farigue
Perniciowns anacmia can cause other prnbfrl'l'l-'i. surch as
nerve damage; neurological problems, such as mem-
ory loss; weak bone farmation; or stomach cancer.

Minerals

frant (F*): this mineral is absorbed by active trans-
port across the apical surface of enterocyte as frec
Fe** or haem (Fe** bound o h:lcnmglul'rir- or myo-
glebin). Free Fe' is actively absorbed by H* depend-
ent cotransporr. Inside the enterocyte, hacm is
broken down into free Fe™® by lysosomal enzymes.
Bath pools of Fe'* leave the enterocyte on a wrans-
porter called ferraportin. During circularion, Fe®
binds to P-globulin and is stored in the liver, from
where it travels o bone marrow for synthesis of
haemaoglobin.

Caleim (Cer): mos: Ca® is absorbed in the small
intestine by pasive transpore via paracellular path-
ways (gaps berween enterocyres). Ca® also enters the
apical surface via Ca® channels. On the basolareral
side, active transport of Ca® inte the bloodsiream
occurs in one of two ways: via a Na'—Ca®* exchanger
{antipors) or Ca** ATPase protein. Ca®*absorption is
regulated by vitamin D, (Chaprer 19) through forma-
tion of vitamin D-dependent Ca®* binding protein
(calbindin-D28K) in the enterocytes.

Absorption in the Large Intestine

The main function of the large intestine (colon) i
to reabsorh 90% of the 1.5-2% ileal efffuent
(chyme) which passes the ileocaceal valve (locared at
the junction ileum of the small intestine and eae-
cum of the large intesting) daily. The colon also
reclaims vitamins produced by the action af g
bacteria on indigeaible subsiances found in chyme.
Bacieria relcase vitamins like K, B, B, B, B, , and
biotin, Vitamin K i vital for blood cowing, and is
exclusively produced by pue bacrera, while the
sotirce of ather vicamins is ithe die.



The colon posscsses many long decp grooves
called intestinal glaneds ar erypre aff Lieberkibhn which
invaginate into the mucosa and open into the lumen
(Figure 11.2). The coypes are lined by 1.'|:!'|thcl'u|ln
and consist of two types of cells: (i) absorptive cell
with microvilli or brush border, 1o absorb warer,
and (i) numerous mucus-secreting gobler cells.
Mucus is a lubricant which protects the epithelium
and binds undigested (dehydrared) food marter inte
facces. The lamina propria contains leucocyres and
isolated lymphoid nodules which extend into the
underlying submucosal layer. This layer also con-
rins connecrive and adipose rissue, blood vessels,
and nerves.

Witer and Na' are absorbed into bloed through
the epithelial cells of the colon. These colanic cells
have specilic MNat and I {porassium}) channels in
the apical membrane. Ma® enters through the apical
membranc and leaves via the basolareral membranc
it the bloodstream. As Ma® exits the enterocyte, it
simultaneously cotransports K* from blood into the
enterocyte, which is then seercred into lumen of the
mtesting, via K* channels in the apical membrane.
The rransport of both jons is increased vasily in the
presence of the hormone aldosterone. The effect of
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the hormone is to stimulate increased synthesis
of Na* channels followed by a concomitant increase
in Ma' absorption (basclateral surface) and a
secondary increase in K* secretion (apical surface).

The increased Na® absorption from enrerocytes at
the baselageral membrane lowers the esmotic poten-
rial in the cells and results in the movement of water
down its concentration gradient from the lumen
and into the bloed, via osmosis. The route for water
absorption is thought 1o be via warer channels called
aquapering in the colonte epithelial cell membranes,
like those in the like those in the epithelial cells of
collecring ducts in the kidneys. Water absorprion in
the colon is tightly linked te Ma® absorption: the
greaver the rare of Na® absorprion, the faster the rate
of osmosis.

Because the intestinal Auid volume totals approx-
imately 91day", any disruption in warer absorprion
mechanisms would lead o severe dehydration and
clectrolyre loss, as happens in diarthoea. This con-
dition can be caused in three ways: (i) decreased
surface arca for absorpiion due o infection and
inflammadon, (i} osmotic diarchoca due o the
accumiutlarion of the disaccharide lactose (in lacrose
intolerance which occurs due o a lack of the enzyme
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Figure 11.2 Structure of the kerge intesting. Source: Tortora and Demcksen (2013).

lactase), and (iii) secretory diarrhoca in cholera, asa
result of the aetion of pathogenic cholera bacteria
{Vekrio cholera), which sccrete a toxin. The poxin
leads to permanent opening of the Cl' channel in
the apical membrane. This allows excessive CI°
{which normally enters the enterocyie from blood,
via a three-fon symporner for Na-K'-Cl' cotrans-
port) o be secreted from the enterocyte inm the
lumen. Loss or secretion of Cl via the C1° channel
is followed by an associared secretion of MNa® and
water through paracellular pathways (space berween

the enterocytes). Therefore, the excess secretion of
fluids and solutes leads 0 2 severe loss of fluid-
clecrrolyre volume.

Clinical Relevance

Coeliae dfsease is an autoimmune disorder which is
I:iﬂ;{'md by intolerance 1w E.Illl'ﬂ'lh a proein found
in grains such as whear, barley, and rye. Ir leads to
malabsorprion, diarthoea, and growth failure in
children. Anacmia duc 1o malabsorprion of iron.



folic acid, and vitamin B12 is common. Cral ulcera-
tion and other oral manifestations of anacmia may
be observed (Chaprer 14).

fnflammatory bowel disease (1IBD) is a group of
bowel discases characterised by inflammation, uleer-
arion, and malabsorption. Uleenaifve colieis mainly
affeers the colon and anus, while Crado afeete can
affece any part of the GIT, including the intestines
and' oral cavity. Crohn's discase may be associared
with eral ulceration and granulomatous inflamma-
tion of oral mucosa, and may imparr a cobblestone
appearance of the buccal oral mucosa.

Steatorrhaea s the presence of excess fats in the
faeces owing to an inability to digest fars, It may
resule from discases affecting the pancreas (pancre-
atic iusuﬁ'lci:nr::,'l-, gall bladder {svones, obstrucrion,
slllgi{‘.l.l |¢:|111|'\.-:||j. .||1..1 |11.1|,|hu1;priu|:| ﬂﬂn;li-:‘l.ﬂ :]ii-
case, [BI).

Orher Lypes of |:|1;|1:‘|im1|'|1i|::||'| include: fecrose
sutalerance (deficiency in the eneyme lactase), lead-
ing o malabsorprion of lactose; cpetinaria (fauloy or
absent, Ma-amine acid wansporier), leading 1o
malabsorprion of amino acids and specifically renal
excretion of C:.-'Stﬂiﬂl.‘.
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Pernicious amaeria may result from auroimmune
damage of gastric parictal eells, leading vo intrinsic
factor deficiency. Impaired absorption of vitamin
B12 from the small intestine leads o anacmia wich
atrendant oral complications (Chaprer 14),
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CHAPTER 12

Liver Physiology

Poorna Gunaselera and Kamrarn Ali

Key Topics

s Overview of the organisation and function of the liver
# Comman hepatic disorders

Learning Objectives

To dermonsirale an understanding of the:

m Gross and microscopic structure of the liver

® Role of lver in metabolism, bile production, regulation of blood calcium, and
erythropoiesis

m Common hepalic disorders and theirimpact on the provision of oral and dental care

Intreduction

The human liver is roughly triangular and is the largest incernal ergan. It is found
wedged under the diaphragm on the right dypechendrism (the right upper abdominal
region). It not only funcrions as an accessory organ o the digestive system bur also
plays an important rele in many other metabolic functions of the body. The liver also
synthesises almost all plasma proreins, including albumin and the cloning fcrors.
Persons with liver failure develop hypoalbuminacmia (which may lead o oedema due
to loss of plasma prorein oncotic pressure) and clowing dizorders. The liver also
converts ammaoniz, a by-product of protein carabolism, to urea, which is then excrered
in the urine.

The liver protects the body from porentially roxic substances thag are absorbed from
the gastrointestinal tract (GIT). These substances are presented to the liver via the por-
tal circulation, and the liver modifies them in so-called first pass metabolism, ensuring
that lictle or mone of the substances make it ino the systemic circulation. For example,

Essenitad Pliyriology for Dl Stuedents, First Edidon. Edived by Kamran Ali and Elizabeth Prabhakar,
£ 2019 John Wiley & Sons Led, Published 2019 by Folan Wiloe & Sons Ld.
Companien webalte: wow wiley.comigofalif physialogy
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bacteria absorbed from the colon are phagocyrised
by hepatic Kupfier cells and thus never enter the
systemic circulation. In another example, liver
enzymes modify both endogenous and exogenous
roxins to render them warer soluble and thus capa-
ble of being excreted in either bile or urine, Phase [
reactions, which are catalysed by gyrochrome P-450
enzymes, are followed by phase I reacrions that con-
jugate the substances with glucuronide. sulphare,
amino acids, or gharathione,

The liver has four lobes covered by peritoncum,
though part of the postero-superior surface is
placed bare against the overlying diaphragm. The
peritoneum anchors the liver to the surrounding
structures, including the diaphragm, allowing the
two organs te move in synchrony during respira-
tion. Deeper to its peritoneal covering, the liver is
covered by a capsule. All blood vessels (other
than the hepatic vein), nerves, lymph vessels, and
the common hepatic duct enter and leave the
liver through an opening in this capsule, the
porta bepatis,

Elood Supply and Lymphatic Drainage

The liver receives a dual bloed supply: the heparic
artery. supplying 20-25% of oxygenared blood, and
the portal vein, supplying 75-80% of deoxygenated
blood bur which is rich in nutrients absorbed from
the intestines, as well as hormones secreted by the
pancreas (Figure 12.1). The splenic vein also drains
into the portal vein.

The liver drains 1o the inferior vena cava through
the heparic vein. This arrangement ensures thar all
the dipested carbohydrates and proteins absorbed
from the intestines are first carried 1o the liver
:hmugh the poral vein, before being empried into
the systemic circulation.

The lymph draining the liver is rich in proseins
and ultimarely drains into the nodes scatered bath
abwwve and below the diaphragm.

Most substances absorbed from the intestines,
including nutricnis and therapeutic agents, pass
through the liver prior to entering the systemic
circulation, an arrangement recognised as the
Peparic first-pass effecr. However, the digesiive
products of fas, in comparison, are not absorbed
into the portal vein but enter blind-ended lymph
channcls found in the microvilli lining the small

intestine (lacreals), which drain to the lympharic
system tl!mugj: thie cpnterns ol

Thi b riscotsronst: Blodd Inoem twed RORInGicE

) Anerial blooa, which provides the lnie's Oy supply
ara Gt Bigod-boeng mitabolt o loe hepatic
PrOCossng, s oelvensd by the hepatic artery,

D Venous biood drakning the digastive Irad is camed
by thi: hepatic poral wein 1 tha ihaf faf procassing
and stoeage of nowly absorbod rutrient

1B Buood lnaves The Bver via the hepatic velin.

Figure 12.1 Dual blood supply of tha liver. Source!
Tortora and Derrickson (2013).

Innervation

The liver is innervared by a dual supply of nerves. les
parenchyma is innervared by ihe hepatic plexus.
containing antonomic fibres, which enter through
the porta .Ir.rqrrrr.ru. The L'.Ij.l'!llil.‘ is innervated by
branchies of the lower illtcluuul nerves, As the same
nerves also supply the paricial peritoncum, a well-
locallised, sharp pain may result from any disruption



1o the liver capsule. In conkrast, pain arising from
tlse parenchyma s poorly localised and referred to
the ceneral cpigastrium, in common with other
ogAns nrigina[]ng from the -¢|11|.'rr]rc:||1ic I'mq;m_

Exocrine Qutflow

The exoerine secretions of the liver (the bile) drain
10 3 COMmmon |I|:J,:mli1; duer thar forms by the union
of right and left heparic duets. The outflow tract of
the gall bladder, the cystic duet, unires with the
COTENON ]'Irpul:j-: duet, RIVINg rise (o the commaon
bile duct. The common bile duce then joins the
pancreatic duct. which is conveying the exocrine
secretions of the pancreas ar the ..w.l';arrme af Varer
(heparo-pancreatic ampullaj. Together, they drain
(LT ||1¢ FlJﬁ[L'ﬁ.l-IIII..'I.I.i:II ||1i-:{|l-|1ni||.|; n::.!.|:|:||:; M.:L'u::l:ml. part

of the duodenum.

Functional Histolo ay

The Hepatocyte

The functional cells of the liver, the hepatocyres,
#eount for up 1o 8000 of its mass. They are polygonal
cells with a single large nucleus, though bi-nucleared
cells may be found, especially with advancing age. The
wide array of endocrine, exocrine, and merabolic func-
tioms performed by hepatocytes is evident in their gyro-
plasm being densely packed with organelles, including
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numerous mitochondria, lysosomes, peroxisomes, and
aggregares of smooth and rough endoplasmic reticula,
Further, unlike most other glandular cells, there are
muliiple stacks of Gelgi membranes, with Golgi
vesicles being particulady numerous areund the bile
canaliculi, reflecting their role in protein and lipid
metabolism.

The Classic Hepatic Lobule

The multiple functions performed by hepatocyes
are further Facilicated by the tissue architeciure of
the liver. This could be ilusmated by the elawic
dobule, which best depiers the endoerine and the
strivciural arrangement of the liver. In a polyhedral
classic lobule (somectimes deseribed as being
hexagonal), the sheers of stacked cells are arranged
like the spokes of a bieyele wheel, radiaring from a
centrally placed branch of the hepatic vein (the
central vein), Each comner of the polyhedral lobule
conrains a portal space, traversed by branches of the
hepatic artery, portal vein, and bile ducr {forming
the raditional partal rriad) in addition to lymphatic
vessels. The areas beoween the radially arranged
sheets of hcpatuc}':m‘ {the spokes of the wheel) are
eaken up by sinuscids filled with mixed blood from
the hepatic artery and the portal vein, which is
draining rowards the central vein of each classic
lobule {Figure 12.2).

caniral vain
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Paortal inad:
branch of bila duct

branch of hepatic poral vein
branch of hapatic artary

Flgure 12,2 Intarnal structure of the liver showing hepatocytes and sinusoids. Source: Courtasy of Malina 3.¥, Kam,
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Specialised macrophages called Rupffer cells line
the sinusoids, which help filier the contents of the
blood fow, thereby conteibuting ro innate immu-
ity as part of the mononuclear phagocytic sys-
tem. Because the blood within the sinusoids is
moving from the periphery to the centre of each
lobule, the sinusoids are described as having a
cenripetal fow.

The bile canaliculi, which form because of trench-
like Emvaginarions on the apdcal donains of adjoining
hepatocytes. drain into periportal bile ducrules (also
known as etmalt of Hering or chelangioles), which
drain into the bile ducts found within the poreal

spaces, Similarly, plasma which does not return 1o
thee sinusoids from the space of Disse, also drains into
the lymphatic vessels in the porral space. Because the
bile and lymph therefore flow in an opposite direc-
tion 1o that of the sinusoidal blood, moving from the

centre curwards towards the periphery, the bile and
the lymph are deseribed as a centrifugal Aow. Hence,
the classic hepatic lobule describes an arrangement
which facilitares the centripetal flow of blood and the
centrifugal flow of the bile and the lymph. As bile is
produced by the hepatocyres and secreted invo duct-
ules, it constitures the ‘exocrine’ ourput of the liver.

The Portal Lobule

The exocrine function can be understood by consid-
cring the porral lobufe, which are demarcated by
S.I:l:lighl' lires drawn berween three adjoining branches
of the hepatic vein (found ar the cenre of three classic
lobules), thereby conforming 1o a triangular shape. In
this armngement, bile would be moving away from
the now peripherally placed “central weins' rowards a
centrally placed bile duct (Figure 12.3).

Secion Mcusch the Ever

(1) Adrisangament of wissets 0 o hegais kb
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(e} Migretod veew ol 8 wodge of & hispalic kbules

1 Entninge Lawming: s b1 i Sioiersis Bnepe

Figure 12.3 Anatomy of the iver depscting transverse section of a Iobate. Source: Torora and Derrickson (2013).




The Liver Acinus

A further arrangement is described as a liver deinm,
which is maost useful when considering the metabolic
hunctions of the liver. Here, three zones are demar-
eated, starting with the area closest 1o a portal space
containing hepatic arterial blood and ending in the
area draining into a central vein, In this armangement,
eells in zone I, lining the perfponal space, are perfused
with blood containing the higheu concentration
of oxygen, while those in zone 111, adjacent w the
vein, receive blood with the lowest concentration of
OXVECTL 111:},' 11 j::i:m‘l h}' an intermediate zone L1,
thereby. describing the gradicnt of metabolic fune-
tion, which s dependent upon the supply of oxygen.

Functions of the Liver

Liver is a major site for the metabolism of nutrients
and drugs. besides many other functions. The liver
is also the main organ of hear production in the
body, which is testamient 1o its very high merabaolic
ourput, This heat is then carried o the rest of the
bedy through the blood.

Metabolism of Nutrients

* Charbolydrate metabolisor: Liver helps in the main-
tenance of blood plucose levels by conventing glu-
cose inte the storage form of glycogen, at times of
relative glucose excess as seen soon alter meals (rhe
post-prandial state). During the low-glucose Fasting
stare berween meals, the liver breaks down these
glycogen stones 1o release glucose into circulation.

o Lipid metabolism: Lipids are  transporied 1o
the liver from adipose tissue and from the diew. From
adipose tissue, lipids are released and transported
only in the form of frec foy acids (FFAs). Dictary
lipids are rransported cither as chylomicra or as FFAs.
FEAs after entering the liver are mosily esterified o
wiglyeerides. Some are converted 1w cholesteral,
incorporated inoe phospholipids, or oxidised in the
mitochondria inte kerone bodies.

* Protein petaboliom: The liver is the site for
synthesis of a variety of proteins, Including the pro-
duction of vital serum proteins, including albumin,
fbrinogen, and cloting factors,

Metabolism of Drugs

The liver is also responsible for the biorransforma-
tion of many therapewic agents, rendering some
nagtive, while porennacing the actions of others.
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This role is particularly seen with orally ingested
apents that are then absorbed through the intes-
tines. Because the agenis have o thus pass through
the liver prior to reaching their intended sites of
acrion through general circulation, this is known as

bepatic ffrse-peais merabolivm.

Role in Bilirubin Metabolism

The liver plays an imporang rale in bilirubin metabo-
lisni. Bilirubin is a2 by-product of haemoglobin
found within ageing erythrocytes metabolised by the
}.ph’c:]. and reaches the liver ll::l':}ngh the F’N‘rr[:il wein
(Figure 12.4). As this bilirubin is not water soluble
(unconjugarcd bilimbin), it is bound o rransport pro-
teins, In the liver, bilirubin is aken up by the hepato-
cytes and camricd o the endoplasmic reticulum by
ligandin, where it is conjugated with glucuronic acid
converting it into water-soluble conjugated bilirubin.
The conjugared bilirubin is actively pumped into the
hile canaliculi o be secreved in the hile fﬂmpwr 10},
In the small intestine, bilirubin is converted 1o
urobilinogen by inrestinal bacteria that remove the
g|1,|{1m::|:lir.' acid. While a small portion of this is
absorbed back into poreal circulation, most of the
urohilinegen is exerered with facces after other bacre-
ria oxidisc it to siercobilin, which impart the brown-
ish colour of stools. Urobilinogen is also converted o
urobilin in the kidneys and excreted into the urine.

Other Functions

= Bileis a primary exocrine produce of the liver and
contains bile salts that are essential for the digestion
of dictary fas,

* The liver contribures to the immune mechanisms
by deroxilying ingested toxins, by fileering harmiul
substances through Facilicating their removal from
circulation (for instance via the action of Kupffer
cells), and secreting immunoglobulin A (IgA) with
bile, which helps protect the intestinal mucosa,

* Jmitial activation of viamin D by converting chole-
calciferol into 25-hydroxycholecalciferol (Chaprer 19).
= The embryonic liver is also the site for hacmat-
opoissis, for a brief period after it is inftiated inthe
yolk sac.

Clinical Relevance

Farey liver resulis from a build-up of fus in
the liver in obese peaple bur may also be cansed
by the excessive consumprion of aleohal.
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Figure 12.4 Breakdown of haemoglobin and bilirubin metabolism. Source: Tortora and Derrickson (2013).

Longstanding farry liver discase may progress
o cirrhoris of the liver, which is characterised
by scarring and inadequare hepatic Runcrion.
Cirrhosis may eventually be complicared by liver
failurc and is potentially faral.

Hepariess is inflammarion of the liver and may be
caused by infections with hepatitis B and C viruses.
Long-term complications include liver cirrhosis,
liver failure, and liver cancer thepatocellular carci-
noma). All dental professionals must get vaccinared
against heparitis B. A vaccine agains hepatitis C is
not available ar present. Nevertheless, universal
eross-infection control procedures must be observed
in clinical denral practice and needlestick injurics
should be managed appropriarcly.

An ingrease in the ol bilirubin level in bleod
above 3mpdl” (normal levels range from 0.2 1o
1. 2mgdl) leads to jaundice. It is characterised by
yellowish discolourarion of sclera, skin, and mucous
membranes. J;undi:c is caused b}’ inltrh;lprril::“s o
the metabolic pathway of bilirubin and is classified
as pre-hepatic, intra-hepatic, and  post-heparic,
depending on the site of disturbance.

Advanced liver disease may warrant a liver trans-
plant as a life-saving treatment. The liver has an
extensive regenerative capacity, with the ability o
re-grow 1o its original size within six to eight weeks,
even after 70% of its mass has been excised in exten-
sive hepatecromy. Therefore, liver mransplantation
may invalve ‘split organ’ transplanes, eather than
‘whole organ’ rransplanis, with a single liver being
split among a paediatric and an adult recipient.

Liver discase may lead to impaired blood coagula-
tion, especially following trauma or surgery. Parients
with a history of liver discase who roquire invasive den-
tal procedures such as a tooth extraction may require @
Mg;uh::iun SCTEEn PriOT (0 operative intervention.

Many drugs (such as paracetamol) and demal local
anacsthetics (such as lignoine) undergo a significant
first pass metabolism in the liver after absorprion
which reduces the risk of systemic roxicity. Impaired
liver function may compromise the degradation of
many drags increasing their risk of woxici: Therefore,
the dose of certain drugs such as dental local anaes-
thetics and analpesies (sieh as parscetamol) may need

10 be reduced in parients with liver disease.
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CHAPTER 13

Renal Physiology

Poarna Gunaseleera and Kamran Afi

Key Topics

u Overview, organisation, and functions of the renal system
m Common renal disorders

Learning Objectives

Te demonsirate an understanding of the:

m Struciure and functions of the kidneys
a Mechanisms invohiad in urine formation
m Common renal disorders and their impact on the provision of oral and dental care

Introduction

The human kidneys are paired. bean-shaped organs that lie retroperitoneally on cither side
af the veriebral column, on l]w1|]1|)-:r pOsterion aspect af the abdominal caviry. Dq:pl'[t their
position, the kidneys arc able to move in synchrony with the diaphragm during respirarion.
They are covered with multiple kayers of tissue, which provide mechanieal protection.

Each kidney has a central concavity which houses the hilum, a vertical slic-like
aperture that marks the site of entry and exit of blood vessels, nerves, and lympharics,
as well as the ureters, which carry the renal ourflow (uring) ro the bladder,

Blood Supply

Each kidney receives its hlaod supply from the renal arvery, which is a branch of the
abdominal aorta locared immediarely below the origin of the superior mesenteric artery:

The large renal veins, which lie anterior 1o the corresponding arteries, drain into the
inferior vena cava.

Exseaad Plywtodogy for Deseed Sracdleses, First Edizion, Edited by Kamean Al and Elizabeth Prablualboar,
62 2019 John Wiley & Sons Lud, Published 20159 by Jahn %Wiley & Sons Led.
Companion websire: “w.wilq-.cumflqn.falil'physiﬂnﬁ
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Though cach kidney only weighs about 0.005%
of the total body weight, together, they receive abour
20% of the voral cardiac aurpur, emphasising their
vital role in maintaining homeostasis. In «ffect, this
resules in the toral blood volume o course through
the renal system, once every five minutes,

Lymphatic Drainage
and Innervation

Four or five lymphatic trunks, which are formed by
the convergence of vessels originating from lymphatic
ploxuses within the subsiance of cach kidney, drin
into the lateral aoric nodes.

The kidney is innervated by a dense plexus of
autonomic nerves which follow the renal arery.
They are formed by contriburions frem the cocliac
and aorticorenal ganglia, as well as branches from
the lowest thoracic and first lumbar splanchnie
nerves and the aoric plexus (Figure 13.1).

Functions of the Kidneys

The kidncys play a vital role in excresion, homenstasis,
reabsorption, and endocrine and metabolic processss
in the body. They are explained below:
* Exerevion of warer and waste produces like urea,
uric acid, and ammonia
* Homeosaiis
= regulating fluid volume and electrolyre balance
through the processes of ultrafiliration and
reabsorption
+ maintaining pH of body fluids through secre-
tion of hydrogen and ammonium ions
= regulation of blood pressure via the renin-
angictensin—aldosterone  system  (RAAS;  sec
Chapaer 17)
* Reabsorprion: selectively reabsorbing glucose,
sodium, aming acids, clcium, and phosphare from
the ultrafiltrate inte blood circulation
* Endocrine: producing the hormone erythropoic-
tin 1o stimulate envthropoiesis (production of eryth-
rocytes (see Chaprer 14}
* Meubolic: converting vitamin D 1o its active
metabolite 1.25 dihydroxycholecalciferol, which is
vital for calcium metabolism (see Chapieer 19).

All these complicated functions and intcractions

arc made possible by the intricate architecture of the
kidneys.

Functional Histology

Externally, each kidney is enclosed by the renal
capsule. Internally, it is divided into an outer corex
and inner medulla, separared by a distinct corti-
comedullary junction. The medulla is divided into
roughly 12 triangular pyramids separated by renal
columns. The medullary pyramid and overlying cor-
tical tizsue iz called the renal lobe. Each lobe consists
of a minor ealyx which is 2 recepracle for collecring
ducts to empry urine. These minor calices then con-
verge inte major calyces, all of which drain into the
eentral renal pelvis, which in tuen is continuous
with the ureter. Funcrionally, each correx is further
subdivided fnre an outer and a justamedullary
cortex, while each medulla is made up of an ourer

and an inner medulla (Figure 13.2).

The Glomeruli

The renal arteries branch sequentially, leading o
small branches (interlobar arterics) that ascend
towards the outer limits of the cortex. Here a series
of branches emerge from each interlobuilar artery,
cach one of which is destined o become an afferent
glomerular arneriole, which plays a key role in
supplying blood that Is destined o underge renal
filtration, the premier function of each kidney.
These afferent glomerular arerioles divide inte a
series of branches to form the glomerular capillary
nerwork, which has a fenesreated endorhelial cover-
ing permitting about 20% of plasma they contain
1o ‘leak’ outside. Each capillary nerwork, also known
as a glomerslus, converges to drain inte an efferent
glomerular arveriole, thereby conrributing to an
arterial poral system (Figure 13.3).

The Glomerular Filtration Rate

This “remal ulrafilerare’, approximaing 20% of
the plasma coursing through renal arteries, adds
up to approximately 1801 of fuid per day
However, the renal mbular system then selectively
reabsorbs around 17851 of this ulafilirare, leav-
ing about 1.51 1o be drained through the urerers.
which collects in the bladder as urine, before being
cmpticd into the exiermal cnvironment through
the urcthra.

The rate of formation of the ulrafilirace,
measured in millilivees per minute, is known as
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Figure 13.1 Liinary system in a lernale. Urine formed in the kidnays is transported to the ureter 1o be stored in
th winary bladder before being excrated through the urethra, Source: Torlora and Derrickson {2013).

the gﬁnm-rr!n-r ﬁflmﬁﬂrr riete (GER), which is The Bowman's capsuie
affected by a multdtude of factors, including

the respective pressures within the afferent and  The Auid thus escaping from the capillary neowork
elfesent arterioles, the blood volume, and thecon=  is ‘rapuared’ by a cup-shaped Bowman's capsule
centration of arrial natriuretic peptide (ANP). which surrounds each glomerulus. Each Bowman's
The formarion of the ultrafilirace could best be  capsule is made up of oo layers: an outer parietal
understoad by focusing on the micro-anatomy ar layer and an inner visceral layer thar is in close
the glomerular level, apposition with the endothelial covering of cach
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Figure 13.2 Intermnal structure of the kidneys showing the outer (light) corte and inner (dark) medulla and

associaled leatures. Source: Tostora and Derickson (2013),

glomerulus. This inner visceral layer is made up of
cells called pedbocyres. which give off long primary
processes that in turn branch off into a sefies
interdigitating (like the interlocking fingers of rwo
clasped hands) feer proceses or pediele that surround
and amach 1o the outer surface of the glomerular
apillaries. Both the podecyes and the fenestrared
endothelial cells, which thus lic in close apposition
to one another, are covered by an investing layer of
basal laminar. Together, these lamellae are known as
the glomernlar basement membrane, which acts as
thie main funciional ‘barrier’ in defining which clec-
erically charged water-soluble substances are allowed
o drain inio the renal wbules. Additionally, ithe sl
like aperiures bevween the imerdigiaing pedicles,
known as filtraeion slits, are covered by membranous
tissue, forming a diaphragm which acis as the main

barrier in deciding the size of molecules, such as
plasma proteins, that may fileer through.

The Plasma Filtrate

Together, this Bleration barrier facilitates the move-
ment of molecules of less than 3.5 nm in diameter,
favouring positively or neurrally charged molecules
o those thar are negatively charged, This arrange-
mieit ensures that the resulting ‘plasma ulerafilirate’
(primary urine} s wsually devoid of the most
abundam plasma protein, albumin, as i is about
3.6nm in diamerer and anjonic, This is vital for pre-
serving the colloid osmotic pressure within plasma.
The ph.\nu ultralilurate capiured l_'l.:!." the Bowmans

capsule then drains inte the renal ebular system
(Figure 13.4).
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Figure 13.3 Aenal vascular system showing a highly branched network of blood vessals. The smalhest branches of
the renal arlery are the alerent artericle and the glomerular capillanes, which supply each kidney with oxygénaled
biood. The smallest branches of the renal vein, which cany away decxygenated blood 1o the heart, are the efferent
arteriole and paritubular capillaries. Sowrce: Tortora and Derrickson (2013},

The Renal Tubular System

The renal tubular system takes the form af a con-
tinuous tube that is either coiled or far ar differen
parts of its course, lined by a single layer af
endothelial cells that vary in thickness, giving rise
ter thin and thick segments: It could be described
a5 enclosing a lumen thar is continuous with the
urinary space of the Bowman's capsule at one end,
while the opposite cnd drains into che space lined
by a minor ealyx.

Conventionally, the pare closest to the Bowmanis
capsile is considered the starting poing, Reflecting s

highly coiled shape and the fcr chat icis a continua-
tion of the double-layered Bowman’s capsule (and is
thercfore near the glomerulus), this parc of the wbu-
lar system is known as the proximaf cenvofuted mubule
(PCT). The wbular segment that is immediarely
next to the PCT is not coiled, and runs a vertical
course directed towards the central hilum, before
making a hairpin turi and heading back in the direc-
tion of the outer cortex. This forms a loop af Henle,
which is described as having a thin descending limb
(directed rowards the hilum) and an ascending limb
(directed away from the hilum). The ascending
limils is further divided into thin and thick SERMEITS
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Figure 13.4 Structure of a nephron, which lorms the hessional unit of the kidneys. Sowrce: Tortora and Derrickson

{203).
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sequentially, based on the thickness of the endothe-
lial cells forming the walls of the wbule. The thick
part of the ascending limb continues inre another
highly coiled sepment, which again comes into prox-
imity with the glomerulus, thereby carning the name
the disal convoluted rubule (DCT). The DCT then
erains into a collecting duce {of Bellini). Each col-
lecting duer runs towards the central hilum, draining
into a miner calyx, ar the apex of a renal pyramid. A
single collecting duct may receive the outflow of
multiple DTS that open ingo its lumen.

The renal corpuscles, the PCT, and the DCT, as
well as the distal part of the thick scgment of the
ascending limbs, all lie within the renal correx, while
the remaining loops of Henle may cither be mainly
limited 10 the cortex or run deep into the medulla
before retsrning oo the coriex. The corpuscles tha lie
within the outer conex tend 10 be associated with

relatively shallow loops that only penetrare the ourer
medulla (comical nephirons), while thosc that lie in
the juxtamedullary cortex tend to have long leops
thar penetrate deep into the inner medulla (jux-
tamedullary nephrons). The peritubular capillary
nerwork: that arises from the efferent artericles in the
eortical nephrons tend o surround the canvoluted
segments of their own and adjacent tibules. The vasa
recta, which originate from the efferent arterioles of
juxtamedullary nephrons, form a capillary nerwork
surrounding the desending and ascending limbs of
the loaps of Henle, as well as the calleeting ducts.

Selective Reabsorption

Asignificant component of the selecrive reabsorp-
tion of the ulirafilirate occurs duriug the passage
I|!|l'|:rll|_r_|'| the PCT, t11n11_11_:h active and |::|ﬁ':w,'



mansport. mechanisms, accounting for approxi-
mately 70% of water and melecules, such as
sodium, potassium, chloride, and glucose. As
both water and itz zolures are reabsorbed in equal
proportions within the PCT, the osmaolaliy of the
filerare reaching the descending limb af the loop
of Henle is said 1o be fso-oemolar with plasma,
at approximarely 280-95 mQsm kg '. The thin
descending segment of the loop of Henle is also
[reely permeable ro warer, bue less permeable to its
solures, such as sodium chloride and urea. As the
interstitial space within the renal medullar dis-
plays a progressively Inereasing osmolality from its
base ar the corticomedullary junction rowards the
apex near the papilla, the fluid within che mbules
becomes |:n,1gr¢'ﬁs'wc|.}- ||.:,-]1¢rl:u||:|1.. a5 Walel MoOves
out from within the lumen, towards the intersti-
tidl space ourside, driven by osmotic forces.
This movement may resule in the concentration
of the tubular fluid reaching levels as high as
200mOsm kg! in the tips of the decpest loops
of Henle. [Fsuch fluid were to conpry directly into
the lumen of the minor calices, the urine thus
formed would have been highly concentrared, car-
rying with it many imporiant molecules such as
serum electrolyres.

This is averted by the unique adapeation wherehy
the bes underrake a hairpin bend resulting in the
whbalar fluid now coursing in the opposite dirce-
fion, returming towards. the renal corex. The
scending limb, which is the continuation of the
tubule from the poine of the hairpin wrn, is imper-
meable to water but selecrively permeable 1o solutes,
most notably sodium, potassium, and ehloride lons.
This prefercniial reuprake of solutes from within
the lumen to the interstitial space (without a corre-
sponding movement of water) resulis in a progres-
sive reduction of the concentration of the whbular
fluid, till' it may eventually retumn o a level of iso-
osmolality when draining into the DCT ar the end
of the ascending limb. The selective reabsorption of
ions continues in the first part of the DCT, resulting
in further dilution of the filtrace, which may drop o
alevel as low as 100 mOsmkg ",

However, when required, such as in states of
dehydration, the concentration of urine can be
increased by further reabsorprion of water in the
terminal scpment of the DCT and the mlluc:'mg
tuibule, through a process driven by anti-diurerie
hormone (ADH) secreted by the posterior
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pituitary. The kidneys are thus capable of varying
the concentrarion of urine and thercby the
amount of warer eliminated, in response to the
needs of the body.

The crucial requirement of maintaining the
hyperosmolalicy of the medullary intersticial
space, to facilitate the process described above, is
met through three complementary mechanisms:
(i) the counrer-current multiplier system depend-
ent on the differential reabsorprion within the
wibular loops of Henle, (ii} the counter-current
exchange system based on the movement of water
and solutes beeween the tubules and che vasa recra,
and (iii} the urea recycling system whereby urea
leaves the wbular fluid as iv courses through the
collecting tubules, bue returns to it in the deepest
parts of the loops of Henle, thereby effectively
remaining trapped within the innermost pars of
the medullar, which also exhibits the highest levels
af asmaolalite

Renal Clearance

The final composition of urine ix not merely tha
which remains after the glomerular ultrafilerare has
undergone selective reabsorprion within che renal
rubular system. The kidneys may also actively
secrere substances dircetly from the peritubular cap-
illarics into the bular system. Examples of such
substances scereted via active transport and passive
diffusion include hydrogen and ammonium ILNHd']
ions, creatining, and menbolic by-products of ther-
apeutic agents,

As the ulrafilirare accounts for abour 200 of
plasma coursing through the renal arceries, which in
wirn amounts o about 2006 of the ol plasma
volume, the GFR describing the volume of fluid
fileered by the rewal corprseles per unic of time, when
adjusted o body surface arca, may vary berween 90
and 120mlmin! per 1.73m The remal clearince
describes the volume of plasma that ean be completely
‘cleared’ of a solute per unit time (conventionally a
minute) by the kidneys. The GFR and the remal
clearance would be identical if a substance s purely
fileered, bur nor reabsorbed or secreted by the kid-
neys, providing an ideal tool 1o measure the GFR.
Inulin is an example of such a substance and is sill
considered a gold standard in the measurement of
GER, despite the availability of simpler, less invasive,
approximations (Figure 13.5).
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Figure 13.5 Relaionship of the nephron structune to three basic functions: glomerular filtration, tubular reabsorplion,
and wbular secretion. Sowce: Tortora and Dedrickson (2003).
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Regulation of Acid Base Balance

The blood hydrogen ion (H') needs 10 be regulared
tightly (normal value = 40nEql") for normal body
function. The blood kevels of H* arc expresed on a loga-
rithmie seale using pH units which represent an inverse
log of H® concentration. The normal pH of anerial
blood is 7.4, while thar of venous blood and interstitial
fluids is 7.35, owing to higher levels of €O, which is
acidic. Three principal mechanisms are resporsible for
the regulation of bleod H* concentrarion:

= Chemical acid-base buffer systems in the body
flutdi: These include bicarbonate  (HCO,),
phosphate (PO, ). and protein buffer systems which
combine with acid or base 1o prevent any significan
change in H* concentration.

* Respirarory speem: The respiratory system controls
H* concentration by regulating the €O, concentra-
tion in body fluids by alicring the rate of breathing
{see Chaprer 7).

= Renal sysern: The Kidneys control H* coneeniration
in the blood by regulating the renal whbular reabsorp-
tion of HCO, . and secretion of H* in the urine,

Decreased  pulmonary  vemiilation  leads 1o
respinatery @cidosts due 1o retention CO. It may be
associated with respiratory obstruction or damage

1o the respiratory centre in the brain. Conversely
increased ventilation leads to respinatory abbalosis.
Although much less commaon, it may be observed
when a persan ascends 1o high altitude or be due w
hyperventilation associared with anxiery.

Metabalicacidesis may result from all other rypes af
acidesls, apart from those caused by excess CO, in
the body fluids. It may be observed in renal discase
(reduced HCO, - absorption or inereased H* reten-
tion), diarrhoca (due 1o cxcessive loss of HCO,7). of
uncontrolled diabetes {excessive production of ace-
oacetic acid). Orher causes include ingestion of acids
such as aspirin (acerylsalicylic acid), and methyl aleo-
hol (metabolises to formic acid).

Merabolic albalons reulis from increased HOO | or
reduced He in the body Auids. Excessive seeretion af
H* into the urine is asociated with the use of renal
diuretic drugs. which are used for the weatment of
hyperension or excesive aldosterone seeretion. Odher
canses include vomiting of gastrie contents and inges-
tion of alkaline drugs such as sodium bicarbonate.

Clinical Relevance

Clrronic kidney disease (CKD) is the well-recognised
type-of renal discase and resulis when GFR falls
below G0 mlmin 173w for three months or



more. DHabetes and hypertension are the most com-
mon causes. In the carly stages (GFRL = 90%), CRD
may beasympromaric. Moderare CKD (GFR < 50%6)
may lead ro anaemia due o redwced erythropoictin
production with itz awendant oral complications
[see Chapter 14). Severe renal disease (GFR < 15%)
manifests with lethargy, anorexia, and vomiring.
Raised bloed wrea is associated with  plarelet
dysfunction and the risk of bleeding during oral
surpical procedurcs. Uremic stomatitis may lead
to halitosis, gingival bleeding, and painful oral
ulceration. The risk of periodontal discase is also
increased in patients with CKD.

Renal failure may lead o secondary hyperpar-
athyroidism, which may present with oral manifes-
tations (e Clmpwr 19}, Finally, compromiscd
kidney Funcrion may lead ro drug oxicity due to
reduced renal clearance. Denial professionals need
to liaise with medical colleagues 1o cnsure that the
drugs administered in denial practice (cg. local
anscsthetics), as well as rhose prescribed, are safe
and appropriate for patients with CKID. Life-saving
interventions, such as remal dialysis, are ofien
required in patients with severe renal disease w
testore the renal function. Long-term treatmient
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options include a renal transplant, which requires
concurrent immunosuppressive therapy o reduce
the risk of transplane rejecrion. Therefore, these
patients arc at an increased risk of opportunistic
infections and delayed wound healing following
aral surgical procedures. Some immunosuppressive
drugs such as cyclosporine may also lead to gingival
enlargement.
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youtube comfwarch?vameQQGGShmLs&list=
PLBEShFn KYVY2NVICWRTURIY LH‘I'kV_Ifoﬂ
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CHAPTER 14

Blood Plasma
and Cells

Mabnwish Raja and Kamran Ali

Key Topics

u Overview of the blood plasma and cells
u Commen disorders of red (erythrocytes) and white (leucocytes) blood cells

Learning Objectives

To demonstrate an understanding of the:

= Composition and functions of plasma

m Production of blood cells (haemopaiesis)

® Structure and functions of erylhrecytes and leucocyles

m Mormal values of full blood counts

= Common diserders of erythrocyles and leukocytes and their impact on oral health

Composition of Blood

Blood &5 regarded as a modified connective rissue and consists of a highly fluid ground
substance, and mobile cells, but is devold of fibres. The fluid component of blood is
known as plaspne. Ir conraing water (90%) and many soluble factors dissolved within
it, including minerals, gases, proteins, coagulation factors, and hormones. Plasma
devoid of congulation faetors is known as serun.

The toral plasma protein levels range from 6.0 to 8.0gdl". There are three major
classes of plasma proteins found in Blood:

» Afbumin: Mormal level — 3.5-5.0gdl" (55%). Synthesised by the liver, it plays an
invaluable role in maintaining the osmolarity of blood o ensure proper distribution of
fluids berween blood and body rissues. Also, it binds calcium and helps in the rransporn
af fawy acids, hormones, and drugs.

Esential Pyl for Demond Sraderver, B Edition, Edived by Baniran Al and Elizsbeth Prabhakar.
2009 John Wiley & Sons Lad. Published 2001% by John Wiley & Sans Lud,
C:,:mluni:qﬂ wehsite: m‘.nwhrmm?goh]ifphysinhm'
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* (Globulinge: Normal level - 2.('1-4,15515.]" (38%4),
Secreted by plasma eells and play a role in acquired
IMIMLNRE [ESpOnse,

* Fibrinogen: Mormal level — 0.2-0.45gdl"! (796).
Synrhesised by the liver, it plays a key role in blood
coagulation,

The celluler component amounts to approxi-
marely 45% of normal blood volume (hacmarocrit)
and consist of the following cell rypes:

= Red blood cells (RBCs, erythrocytes): Contribute
1o berween 40 and 44% of blood volume and play a
wital role in the ransport of oxygen.

» White blood celle (WBCs, leukocyres): Amoune to
berween 1 and 3% of blood volume and play a role
in the immune response.

* Platelers (thrombocyres): Contribure 1o less
than 196 of blood wvolume and contribute o
hacmostasis.

Both RBCs and platelers lack a nucleus. The
normal range of blood cells along with relared
parameters are depicred in Table 14.1. The sub-
sequent sections discuss the RBCs, WBCs are dis-
cussed in the current chaprer and in Chaprer 15,
while platelets are discussed in Chaprer 16,

Production of Blood Cells

Al rypes of blood cells develop from common
pluripotential hemaropoietic stem cells (HSCs), ar
hacmocytoblasts, in the bone marrow. (Figure 141,
Following division, onc daughter ecll remains a
stem cell of the samie type, while the other daughter
cell becomes a multipotent stem cell belonging 1o
cither the myeloid serics or the lymphoid serics.
Stem cells of the myeloid series produce red blood
cells, plarelets, and polymorphonuclear leakocys
(PMMNs; including neutrophils, eosinophils, baso-
phils, and monocyves), while those committed o
the lymphoid serics produce lymphocytes,

Red Blood Cells

RBCs arc the most abundant blood cells and
account for 99.9% of formed clements of blood.
The number of RBCs in blood ranges from 4.5 o
ﬁ.f)milliﬂnpl Vi males and 3.8 w0 5.8 millicnpl!
in females, Each RBC is a biconcave disc measuring
£ pm in diamerer and 2.0 pim (2.5 pum ae the ehickest
pointand less than 1 pm at the centre) in thickness.
The biconcave shape provides several advantages,
including a better surface : volume ratio to improve

Table 14.1 Full blood counls:

Parameter Male Female
Total white blood celis WEC 10" [ 4,00-11.00 4.00=11.00
Ditferential white blood calis
Nautrophils Maux 10* - 2.0-75 2.0=-75
Lymphocytes Lym=10% |- 1.0-4.5 1.0-4.5
Monocyles Mon x 10% |- 0.2-0.8 0.2-0.8
Eosinophits Eaosx 10% |- 0.04-0.40 0.04-0.40
Basophils Basx 10% |- <01 =01
Red blocd calls ABC = 10 | 4565 3.8-58
Hagmoglobin Hb gl 135180 115160
Mizan cell volume MCWVIL T8-1040 TE-100
Packed cell volume (hagmatocit) PCVII 0.40-0.52 0,37-0.47
Mean cell hasmoglobin MCH pg 2R0-32.0 270-32.0
Mean cell hasmoglobin concantration MCHC g+t 310-370 310-370
Red cell distribution width ROV 11.5-16.0 11.5-15.0
Flatales Plt = 10% |- 150-400 150-400
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Figure 14.1 Origin of blood cells. Source: Tortora and Darrickson (2013).

L

gas exchange and it improves deformabilicy during
passage through marrow capillaries. The human
heart pumps approximacely 3kg of RBCs per min-
ure, Marure RECs lack a nucleus, which reduces the
load en the heart. However, a lack of nucleus pre-
cludes any protein synthests or repair by the RBCs,
Consequently, RBCs have a finire lifespan of
approximately 120 days.

During embryoenic life, RBCs are inirially formed
in the yolk sac (threewecks), followed by the liver
and spleen (six weeks to seven manths). Subsequently,
the RBCs are formed in the bone marrow. The main
stimulus for erythropoiesis is a low oxygen earrying
capacity of blood or hypoxia, as shown in Figure 14.2.
Erythropoiesis is facilitated by several growth fac-
tors, such as erythropoietin (secrered by the kidney),

thyroxine, and androgens. In addition, nuerienes
such as iron, folic acid, and vitamin B12 are cisen-
tial. Other nutrients, such as zine, aming acids, and
vitamins B1, B2, B6, C, and E, also contribuee o
erythropoiesis. Development of matre RBCs from
the stem cells in the bone marrow takes approxi-
mately seven days. Regulation of erythropoiesis is
depicred in Figure 14.2.

RBCs contain a protein known as &ffnrqh&:'n
{Hb), which is responsible for the carrage of oxygen
as well as carbon dioxide in the blood. Each Hb
maolecule is made up of two main components: the
globin portion, which is consists of four polypepride
chains, while the Juem portion consists of an iron
ion held in a heterocyelic ring known as perpdyrin
consisting of four pyrole molecules. The Hb
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protein chains show some variations. Adulc Hbs is
known as baemegiobin A and consisis of two @ and
wwo i chains, During foetal life, the Hb molecule is
designated as baemoplobin Fand is made up of two
ce chains and ewo y chains, It persists uniil six months
after birth, and subsequently the y chains are gradu-

ally replaced by [ chains.

Functions

Ohygen ranspore is the main funcrion of RBCs.
Ohoygen binds reversibly with iren in the Hb o
form oxy-Hb in the pulmonary capillarics. The
oxy-Hb is then rransporred in the arerial blood 1o
the tssues, where oxygen is released and oxy-Hb
is converted into deoxygenated Hb. Apart from
oxygen, approximatcly 10% of carbon dioxide is
alse transported in combination with Hb. The
globin portion of the Hb binds carbon dioxide in
the tissues o form |';grﬁa,;;_r|fmrnrn‘gfa£lf'n, which is
transporied in the venous blood o the lungs.
Filmﬂ}". u}-’thrnt,yu'; CONAIN an cHzEyme {carbonic
anhydrase) which catalyses the conversion of
carbon dioxide into water and bicarbonate ions,
which is responsible for 85% carbon dioxide trans-
port in the bload. Carbon dioxide is acidic and its
conversion into bicarbonate ions prevents a drop in
the pH of blood. Therefore, RBCs contribure 1o
the buffer system of the body.

Disorders of Red Blood Cells

Anaemia

Anaemia is the term for a reduced oxygen-carrying
capacity of bloed and may result from a reduced
number of RBCs or reduced Hb Inadulis, Hb
eoncentration below 135g1" (males) or 115g]"
(females) indicates anzemia. e is the most common
disorder affecting RBCs and can resule from cither
decreased production or increased loss/destruction

of RECs,

Decreased Production

* Mutritional deficiencies may be associared with
reduced intake, absorpaion, or availability of iron,
folic acid, and vitamin B12.

v Renal dditewse may be associared with decrensed
production of erythropoictin,

Chapter 14: Blood Plasma and Calls /135

= Chronic diseases, such as hypopititarism;, hypo-
thyroidism, hypoadrenocorricism, and of the fiver,
may be associated with anacmia.

= Aplastic anaemia is chamcterised by the inability
af the bone marrow to produce RBCs due to generic
or immunological disorders. Acquired bane marrow
damage may be caused by drugs, chemicals, radia-
tion, and infections.

= Thalassaernia is caused by an inherited impair-
ment of Hb synthesis and lead to partial or com-
plete failure to synthesise a specific Fb chain,

* Sideroblastic anaenias are a group of disorders
(inherited, acquired, or idiopathic) in which the
biody is unable o wrlise iron o synthesise Hb
despite normal levels of iron.

» Myelaphthisic anaemias are a group of disorders in
which the hacmaropoictic bone marrow is replaced
by fibrosis (myelofibrosis) or tumours.

Inereased Loss/Destruction

* Biood fogs can resulr in anaemia. Common exm-
p|1.'s include acute blood loss (rranma or surgery),
recurrent (menorchagia, epistaxis), or porsistent
[ parasitic infection, gastrointestinal blecding).

* Haemoplobinapatfier such as sickle cell disease
(SCD) and thalassaemia. SCD s a group of generic
disorders that lead to the development of arypical
Hb (haemoglobin 5), Deoxygenation of the
affecred RBCs results in their deformation into a
sickle, or crescent, shape, resulting in increased
viscosity of bleed, obstruction of bleod flow, and
haemalysis,

* Membrane defects, such as hereditary spheracyto-
sis and hereditary clliprocytosis, are inberited s
aurosomal dominane traits. They lead o defeors in
the structure or quantity of cytoskeleral proteins
responsible for maintaining the biconcave shape of
RBCs. The affecred RBCs have reduced survival
and are prone to hacmolysis,

* Enzyme defecrs are genetic disorders which may
affcc: RBCs. Glucose-6-phosphare dehiydrogenise
deficiency (X-linked inheritance} increases the risk
of hacmolysis, especially following exposure to
cercain infections and drugs.

* Antoinmnne facmolptic angemic tesulis from
aurcantibody-induced destruction of RBCs,

o [ufections such as malaria and sepricaemia can
lead o RBC hacmolysis.
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* Hypersplesiom associared with a variety of condi-
tions can lead 1o increased sequestration of RBCs,
WHBCs, and plarclers.

Although anacmia may be asymptomaric, it is
frequently asociated with weakness, skin pallor,
brivtle mails, koilonychia, and cardiorespirarory
symproms (breathlessness, palpitations, and chest
pain). Haemalytic anaemias may also be associated
with jaundice and splenomegaly.

Anaemias are asociated with awophy of lingual
papillae (bald tongue), glossitis, recurrent omal wleera-
rions, and an increased risk of oral candidiasis, delayed
healing of oral wounds, and postoperative wound
infections. Administration of general anacsthesia is

contraindicated with b levels < 100g 1.

Polycythaemia

Polycythaemia (erythrocyrosis) s caused by an
increased number of RBCs, which results in abnor-
mally high haemarocrit and Hb concentration.
Primary erythrocytosis, also known as polyeytigemnia
werd, bs cansed by neeplastic proliferation of hacma-
topoictic cells in the bone marrow, Secondary eryth-
rocytosis is associated with increased erythropoicting
which may be caused by disorders of the kidney,
liver, or respiratory system. Polycythaemia increases
the risk of thrombosis, which may in turn lead w
ischaemic heart disease and strokes.

White Blood Cells

WBCs provide the main defence against infectious
agents and thus contribute to the immune response
of the body. WBCs passess a nucleus which distin-
guishes them from RBCs and platelets which lack a
nudeus. The normal count of WBCs ranges
berween 4000 and 11000 pl** of blood and consri-
tutes 19 of blood volume. The tomal leukocyte
count (TLC) and differential leukocyte count
(DLC) are depicted in Table 14.1. However, the
WHBC count may increase significantly in response
o infections (leukoeyrosis), which can be moni-
tored with blood tesis. WBCs consist of five cell
rypes: neutrophils, cosinophils, and basophils pos-
sess cyroplasmic granules and are cherefore known
as granulocyter; monocytes and lymphocyies lack
cytoplismic granules, hence they are referred 1o as

agranufocyres. The key fearurcs and funcrions of

Role of White Blood Cells
in Inflammation

Inflammation is defined as the response of a living
tissue 1o injury. It is the key process thar recruis
WECs to the site of an injury or infection. Acute
inflammarion develops because of three key events:

* increased vascular flow and vasadilation

* increased vascular permeabiliny

= exudation of leukocytes inte the exiravascular
[T

These events are responsible for the clinical signs
of inflaimmation including: swelling (tumour),
redness (rubor), hear (calor), pain (dolor), and loss
of function.

During infection, damaged cells will spill their
inteacellular conmtents into the 1.||r|v::l:1||:|i|l|:f. | [
These 'danger signals’ alert the immune systcm that
damage has taken place. Damaged cells also produce
vasoactive molecules, such as histamine and prosta-
glandins, which cause dilatation of the local blood
efflux of immune cells into the infected tissues.
Lﬂﬂ.‘l”}' activated immune cells will release L'}'[nkilw-'-
and chemokines, such as [L-8 (CCL&Y and MCP-1,
o arrract neutrophils and monocytes, respectively.

First, neutrophils are recruited. Activated neutro-
phils are shore lived and produce lytic enzymes (per-
forin and granzyme) that break down microbial eell
walls. They are also phagocytic and clear up dam-
aged host cell and microbial debris. Monocytes,
which differentiate inte phagocytic macrophages,
follow, producing inflammatory cyrokines, which
further contribure 1o inflammation.

In the convext of dental tissues, il tooth decay
remains untreated and exrends into the pulp. micro-
organisms will induce inflammarory changes in the
pulp, a condition known as prilpieis. It is characrer-
ised by hyperaemia and swelling of the pulp tissue,
often accompanied by severe dental pain. With
time, death of the inflamed pulp (pulp necrosis)
may lead o discolouration of the tooth. Further
spread of infection inte the periradicular denral is-
sues may follow.
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Table 14.2 Charactaristics and funclicens of white blood

Call Features Life span Main Functions
Mutti-labad nucleus 8 hours to 3 days  First responders to-acute inflammation
10pm in diamatar Phagocytosis .
Fight bactaria and fungi
Neulrophits
Bi-lobed nucleus Up fo 3weeks Phagocytosis of anligen-antibody complexes
. e Modulate allargic reactions
e Feght parasitic infections
Easinophils
Bi-lobed or tri-lobad Up to 10days Release chemical mediators during acute
nucleus inflammation and allergic reaclions
12=15pm in diameter
Basophils
Kidnay-shaped nucleus  Circulate in the Migrate into tissues lo form macrophages
15-30um In diameter  0W0od for 1-3days  which perform phagocylosis
Also transform into csteoclasts
Monooyles
o= Deep-staining Fenw wiaaks B lymphocytes (Masma cells) produce
[" ECoenirnic nucleus antibodies and provide humoral arm of
| Small 6-8m in Memory cells acquined immunity
Lymphocyles hamelor {years)
Large 12-15um in T lymphocytes provide tha celiular arm of
diameter acquired Immunity
Matural killar {NK) cells fight vinsses and
tumeur calls
Invetvad in gralt vs host diseasa

Disorders of White Blood Cells

Lewkecyrosis is an incrcase in the number of WBCs
over the upper limit of 11 000 cells/pl. of blood. It
is wsually associated with infections, inflamma-
tion, immunological disorders, malignancy, and

hereditary disorders. It may involve one or more
types of WHCs,

* Newsrophilia is abnormally high number of
neutrophils. It is wsually associared with acure
inflarmation, bacterial infections, or certain
drugs.

* Eapimaphilia is abnormally high number of
cosinophils. It is commonly asociated with allergic
reactions and parasitic infecrions.

» Lymphacyresis is an abnormally high number of
lymphocytes. It is usually associared with viral and
protozoal infections.

Lenkopenta is a decrease in the number of WBCs
below the lower normal limic of 4000 cells per
microlitre of blood. Pancyropenia (reduction in all
rypes of blood cells) can be asociated with aplastic
anacmia, hypersplenism, infections, and cancer.
Examples of sclective reduction in WBC nunmbers
inelude:

= Nentrapenia is an abnormally low number of neu-
trophils. Tris can be hereditary or may be associared
with certain infections, such as HIV and wiberculo-
sis; dregs, such as, corticosteroids and anti-cancer
agents; and certain cancers.
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* Lymphapenia 15 an abnormally low number of
lymphocytes. It is commonly associated with cer-
rain infections, such as HIV and wherenlosis; drugs,
such as corticosteroids and anti-cancer agents:
immunological disorders, such as  rheumaroid
arthritis; and cermain cancers.

Lewkaemias are cancerous {malignant) disorders
of the WBCs, resulting in marked increase in their
number and may affect children as well as adulrs.
They may be inherited or caused by environmen-
tal agents such as exposure o fonising radiation,
cancer chemaotherapy, chemicals (such as benzene),
and viruses (such as human T cell leukaemia virus).
Leukacmias are classified as acure (lymphoblastic/
myeloblastic) or chronic (lymphocytic/myeloid)
ypres.

WECs in leukaemia are immature and dysfunc-
rional. The affected individuals may present with
tiredness, lymphadenopathy, recurrent infections,
bleeding tendency. and enlargement of liver and

spleen :]1L1_1.1|~,15pd¢:1mawg:1ly}. Children presenting
with persistent, spontancous gingival bleeding mua
be investigated with blood tests o rule our leukae
mia, as plaque-indueced Ringiw:li biceding in chil-
dren Is uncommon. Opporunistic oral infeetions
and lymphadenopathy in the head and neck region
may also be seen in leukacmia.

Reference

Tortora. f:.]. and Derrickson; B, (200 3). .J"Z"TWJP!'IH ﬂf
Anatamy wnd Plrpriofogy. Floboken, N]: Wiley.

Further Reading

Hall, LE. (2015}, Chapiees 33 and 34, In: Giprar itasd
Half Tectbook of Medical Plaiotgy, 13e, Elscvice,

Majoo, B (2018), Anatomy and physiology; Blood
hurps:/fvww.youtube. comfwatch?v=55mhFZSENEe
{accessed 1 May 2018).



139
CHAPTER 15

Immune System

Lovnise Bf{ﬂefd and Kamyan Alf

Key Topics

u Overview of the immune system
s Common disorders of the immune system

Learning Objectives

To demonstrate an understanding of tha:

m Cellular and humoral components of innate and adaptive immunily

= Immune response o bacterial, viral, and parasitic infections

m Commaon immune disorders, including immunodeficiency, hypersensitivity, auto-
immunity, and amyloidogis

= Impact of immune disorders on the provision of oral and dental cars

Introduction

The immune system primarily serves o defend the host against infection by pathogenic
microorganisms, The immune system is equipped to recognise invasion by ‘foreipn’ or
‘non=gelf” agents and initate a provective response. Microbial and other foreign molecules
thar are capable of inducing an immune response are known as anrfgens. The immune
system compromises an frnate and an adapeive anm. The components, organisation, and
functions of innare and adaprive immune systems are discussed below.

The Innate Immune System

As the first line of defence against pathogenie attack, the innate immune system is
responsible for recognising, precessing and presenting antigens, recruiting furcher
immune cells o the site of infection (via the inflaimmatory response), directing the
appropriate adaptive immune response, and disposal of Invading microbial eells,

Exsemtial Porsiolegy for Dental Sruderss, Fiest Edidon, Edined by Kamean Al and Elizabech Prabhakas,
£ 2019 John Wiley & Sons Lad, Pablithed 2009 by John Wiley & Sons Led.
Companion website: wwwwileycom/gofaliphysiclog:
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The innate response is men-specific, meaning it
does no recognise a particular pathogen. Rather,
it rocognises generic, evelutionarily conserved
maolecular patterns (usually structures thar the
pathogen relies on ro survive) that any given
pathogen will possess. Therefore, the innate
immune response only recognises a predetermined
range of molecular patterns.

The main componentz of the innate immune
response include:

» Mecharical barriers: Epithelial surfaces such as the
skin, the lining of the gastrointestinal trace (GIT)
and airways of the lungs, all provide mechanical
barriers o invasion.

* Cellular components: These include professional
antigen presenting cells, phagocytes, and granule-
cyres, along with natral killer cells, thar recognisc
antigens and communicate with the adaptive

respanse (figure 15.1).

* Humoral components: The major  humord
component of the innate immune response is the
complement system. Secreted products such as acid
in the stomach, hysoxyme in ears and saliva, and

sebum also come under this heading.

Antigen Recognition, Processing,
and Presentation

Anripens  preienting cells (APCs), such as mac-
rophages and dendritic cells, recognise pathogenic
microorganisms by a range of receprors displayed
at the cell surface. and in the eyroplasm. These
receprors are commonly referred o as pastern ree-
agwition receprors (PRRs). Around a dozen rypes of
PRE recopnise different molecular  stroctures.
Activation of PRRs will initiate an intracellular sig-
=1=|]in|g, cascade carrying informarion o the
nucleus, n:sul:il:g in transcriprion of gene inwolved
in host defence. The recepror-bound p.uhugun 1]
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Figure 15.1 Calls of the innate immune syslem: key funclions and potantial pathology.
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Eﬁgﬂ“ﬁus MHC | presenls antigan from
EMDOGENOUS ongin:
Intracefiular pathogans ane
viruses (E.g. HIV) and
some bacleda (E.g.
Parphyromonas gingivalis and
.3 Mycobactarium tubarculosis)

MHC 1 Prasents antigen to CDS T celis

MHC Il prasents antigen from
EXOGENDUS onigin:

Extracellular pathogans include
bacteria, fungl, and parasites.

Prosenls antigen to CD4 T cells

Figure 15.2 Major hisiccompatibdity complex and antigen presentation.

then internalised into a phnﬁusurnc. which fuses
with a lysosome in the cyroplasm, forming a phago-
lysosome, Enzymes such as lysozyme break down
the pathogen inta small antigenic I'ra.g,mcnts. A
fragment of antigen is loaded on 1o a specialised
antigen-presenting molecule (major histocompari-
bility complex, or MHC) and presented on the cell
suirface w0 lymphocytes (Figure 15.2). At the same
time, the APC will produce cytokines thar direet
the appropriare adaptive immune response and
recruit additional immune cells to the site of the
infection,

Complement

Complerene comprises a series of enzymatically
active proteins (C1-C9) in the blood thar undergo
sequential acrivation (much like thar of the clot-
ting cascade). There are three pathways of activa-
tion: classical, alternative, and lectin. Regardless of
the route of acrivation, all three pathways converge
at poine CF (Figure 15.3). The major end produces
of complement acrivation are inflammartion and
formation. of the nembrane  atack r,'ml'ipl:x
(MAC), The MAC inserts irself into the mem-
branc of a microorganism and forms a ring, allow-
ing the contents of the pathogenic cells to spill our
into the rissues, causing cell death. The pmducts
are. mopped up by the phagocyres thar were
recruited by C3a and C5a. Further outcomes of
complement activation include opsonisation of
pathogens (see below), repulation of plasma eell
:ntib-udy production, plﬁgo-cy'l:c chemo-arracrion,
and mast cell degranulation.

Clearance of Pathogens and Cell Debris:
Opsonisation and Phagocytosis

Macrophages and neutrophils mep up invading
pathogens and cell debris. A process called oprormi-
tion helps the phagocyres 10 ke up pathogens.
Complement fragments and  antibodis bind
the surface of a pathogen. This leaves the free end of
the complement fragment or antibody exposed.
Neurrophils and macrophages recognise the free ends
{Fragmcul: crystallisable, or Fe, regions; Table 15.1)
and bind to them, allowing them o ingest and destroy
the micrabe. Macrophages, neurrophils, and den-
driric cells that have encountered a pathogen signal w
the adaptive system for help.

Adaptive immunity

Adaptive immunity provides the second line of
defence against pathogens. The aduptive response
recognises structures specific to a particular patho-
gen, and can provide a targeted response, It is more
diverse because it is able vo recognise any piven
molecule on any given pathogen. However, it takes
scveral days for an adaptive response o develop,
so cach pathogen is ‘remembered’ and the 1}rmphu—-
cytes are primed to respond quickly if they encoun-
ter the same pathogen in the future.

The adaptive response is dependent on pwo types
of lymphocytes: T cells and B cells (Figure 15.4).
Lymphocyres ariginate in the bone mareow as lym-
phoid stem cells. Immarure T eells leave the bone
marrow and migrate to the shynrs 1o continue their
development into naive T cells (T cells = thymus).
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pathogen

Figure 153 The complement cascade.

B eells continue to develop into naive B cells in the
bone marrow (B cells = bone marrow). Naive lym-
phocytes circulate beoween the bloodstream and
lymphoid tissues, looking for antigen. Once they
recognise an  antigen, they become agrivared
and begin to proliferate. It takes three to five days
for lymphocytes to penerate cnough copies of
themselves o fight an infection.

Lymphocytes are equipped with a range of spe-
cific characreristics to defend against a particular
pathogen. The celfular arm of the adaprive
immune system comprises T cells and the fumora!
arm is provided by immunoglobulins produced
by B cclls following their activation into plasma
cells. Cell-mediated immunicy deals with partho-
gens thar invade the intracellular apace (viruses
and some bacterial species), while humaral
immunirty deals with pathogens thar invade the
extracellular spaces (such as most bacreria, fungi,
and parasites).

Subsers of T cells perform distiner immuno-
logical functions: type 1 T helper cells (Th1) pro-
duce interferon gamma (JFNy) and activare
macrophages to kill ingested microbes. Type 2T
helper cells (Th2) produce 1L-4 and 1L-5, which

help defend against parasives and  encourage
wound hg:;l{i.ng. Thi17 cells ]1|m|.i|-: e JL-T7 0 121,
and 1L-22, which promore epithelial barrier Funie-
tion and production of antimicrobial peptides ar
the epithelial surfice. They are often implicated
in autcimmune reactions. T regulatory cells
(Treg) produce 1L-10 and TGF-f} and promote
resolution of inflammation and wound healing.
Th2 cells alto activate B cells and the anribody
response,

Activated B cells (known as plasna cells) pro-
duce antibodics (immunoglobulin, or Ig). There
is a range of lg isoforms, each with differesn func-
tions. IgM is the first isoform detecrable in a B
cell response and is an indicator of early infecrion.
Igh is replaced by IgG as B cells undergo a pro-
cess of affinity maturation, where the amigen-
binding sites of the lg molecule are refined o
become more specific to the invading pathogen
(Ig class-swirching).

The basic structure of an immunoglobulin is
Y-shaped (Fipure 15.5). Each ¥ consists of four
polypeptide chains: owo light chains and two
heavy chains, The chemical and biological differ-
ences berween the five classes of immunoglobulin
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Table 15.1 Immunoglobulin isoforms and functicns

Immunaglobulin Location Function Associated

I=aform immunopathology

Igh [Alpha) Mucosal surlaces Inhabils binding IgA nephropathy: IgA tacking
% - Saliva af microbas to in galactosa is recognised as

- . epithelial celis fargign by other Ig isotypes

which bind fo the faulty IgA,
resulting in tha formation of
immune complexes. These

compiaxes daposil in the

glomerull and cause
inflammation and lissue
damagae
IgD {Deidta) B cell surface B cell recaptor
IE (Epsilon) Plasma Activates mas! calis Allargyhwpemensitivity
Tizsues {sea bolow)
laG (Gamma) Plasma Dpsonisation, Autoimrmunily, @.q. primary
Gingival crevigular neutralization Siogren's syndromea
fluid
Ighd (Mu) Flasma Agglutination X-linked hyper-igh syndrome
B coll surface B cell receptor Mutatons in co-stimulatony
mcdecules (CO40L) exprassed
on T cells means that B cells
cannot undergo Ig class
switching and only produce

IghM
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Oirigrin:
Lymphaid

Paihology: B t8 hrephama

Cwiggin:
Lymephoed

Paihplogy;, Human imenunodeicionsy Virus

04" T helper call CON*® eytatoxie T eall
Eay functions: Hay funclisns:
Recognises anfigen Facopnmes anligen
and MHC || complenis and MHC | complonss
Halp ba activabe B cells | | Grigin: Hills sndpciod oolis
and macophagns Lyrmighic

Pathology: Auioimemunsy

Figure 15.4 Major classes of adaptive immune cells,

Antigen
biriing !

< p

A 4

Fe ragion
{constant)

Figure 15.5 Antibody anatomy: the Fe region is highly variable to recognise a (almast) Emitless range o antigenic
shapes (epilopes). A process called ‘somatic hyper-mutation, where genes for antigen binding sites are rearranged,
gives rise 1o millions of possible antigen binding sites. The Fc region is constant; it is recognised by Fo recepions on
phagocyles, MK cells, mast cells, basophils and ecsinophils, and prormotes phagocylosis and degranulation.

Fab ragion
{variabla)

Light chain

Heavy chain

are due o differences in their heavy chain structuce
and whether or not they cxist as monomers (IgG,
lgD, IgE), dimers (IgA), or pentamers (Igh).

Defence Against Extracellular Bacteria
(Humoral Response)

Major Effector Cells: B Cells and CD4"
T Helper Cells

When an exetracellular pathogen is recognised by
an antigen presenting cell (such as a dendritic cell),
the APC migrates o the lymphoid tissues and pre-
sents the antigen on MHC 11 molecules ta B eells,

and T cells expressing CD4 (which binds 1e MHC
11 and stabilises the interaction). Activated lym-
phocytes migrare 1o the site of infecrion; some
CD4* T (Th2) cells produce cytokines (IL-4 and
[L=5) that help ro activare B cells. B cells become
activared plasma cells and produce immunogloba-
lins, which bind to the corresponding antigens on
the pathogen, opsonising it and ncurralising any
toxing it produces. Antibody binding also blocks
pathogen/host eell binding sites, inhibiring inva-
sion. Activated Thl produce [FMy and wwmour
necrosis factor {TNF) o induce phagocyres o kill
ingested microbes and newtrophil degranulation,
respectively.



Defence Against Parasites (Humoral)

Major Effector Cells: B Cells and CD4*
T Helper Cells, Eosinophils, Basophils

Parasices are large and cannor be readily phagocytosed.
Activated Th2 eells produce IL-i and 1L-13, which
active B cells 1o become plasma cells producing pre-
dominamly [gE. IgE coats the parasite; mast cells,
basophils, and cosinophils recognise [gE Fo reglons
(via FeeR) and degranulate to lyse parasie cell
membrrines.

Defence Against Viruses and Intracellular
Bacteria (Cell-mediated)

Mafjor Effector Cells: CD8* Cyloloxie
T Cells, Macraphages, NK Cells

Infected eclls present viral antigens on MHC [ at
the ecll surface. The MHC Hantigen complex is
recopnised by CDE* T cellsand NK cells. Activated
CDE T cells and MK cells bind o the infected
cell and [rigger apoprosis via maembrane fEcepior
intefactions or the release of perforin and gran-
tyme. Thi cells produce [FNy that acrivares mac-
rophages 1o digest any ingested microbes, and
TMF thar acrivates neutrophils 1o phagocytose

debris.

Resolution of Immune Responses

Immune responses are necessary but costly pro-
cesses, The roxicity of molecules produced during a
respomse to infection can cause collareral damage o
the surrounding tissues i left unregulated, Most
symproms and tissue damage seen in an infection
are ot due 1o direer effects of the pathogen bur
are a resule of the immune response against it
To limin tisue damage, immune cells have buile
in regularory mechanisms thar switch off the
immune response once the infection s resolved

and encourage repair of damaged tissues. Two of

the key effecrors in this process are macrophages
and regularory T cells. Both will produce anei-
inflammatory cytokines (such as IL-10) and growth
factors (TGF-p), which will suppress fursher
inflammation and initiate migration of reparatory
Abroblases and deposition of collagen. Failure 10
reguilate immune responses is a key feature of most
immunopathologics.
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Immunopathology

Hypersensitivity
Type I: Immediate hypersensitivily

IgE anribodies formed in response wo an allergen
bind to mast cells and basophils through the IgE Fe
region, causing them to degranulage. The cells release
potent vasodilator histamine, and other molecules
sich as leukorricnes, thromboxanes, and prostaglan-
dins. Wichin minutes after exposure, itching, bives,
and skin erythema appear followed by bronchospasm,
respiratory  distress, and hypotension.  [ndividuals
with a previous history of allergy 1o various drugs
and dental marerials used in dentistry may develop
anaphylaxis. It is a potencially faral medical emer-
geney and requires prompr management.

Type ll: Antibody dependant cell-mediated
cytotoxicity (ADCC)

Mediated by IgG or IpM inappropriately bound o
hase cells or extracellular marrix. WE cells: recogmise
the Fe portion of tissue-bound lg and become acti-
vated o produce perforin and granzyme, which
destroy the host cells. [g-dependent activation of the
classical complement pathway; resulting in formation
of MAC a the cell surface, can also destroy host rissics
{autoimmunity). Blood mransfusion from an incom-
patibile donor and avroimmune thrombocyropenia ane
classic cxamples of oype 11 hyperensitivity,

Tvpe lll: Immune complex-mediated
hypersensitivity

Mediared by complexes of Ig and antigen circulating in
blood. Complexes depasit In blood vessels, artracting
neutrophils to dear them. Meutrophils release granules
a5 the complexes are 1o large to phagocyrose, causing
damage to the endothelium. Type 111 hypersensitiviey
reactions may result from exogenous {e.g. bacerial) as
well as endogenous antigens in the host cells.

Type IV: Cell mediated (delayed type)
hypersensitivity

Mediated by T cells and monocytes/macrophages,
Inappropriately activared CD4* T cells produce
inflammarory cytokines, recruit and activate mac-
rophages, and nl.'ul:rnpllils, which canse damagp Lo
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hast cells, Inappropriately activared C8* T cells
targer and destroy host rissues. A classic example is
the tuberculin reaction which resules from intracu-
taneous injection of tuberculin (2 prowin-lipopaly-
saccharide component of the mbercle bacillus) in a
previously sensivized individual, It leads to redden-
ing and induration of the site within 8=12 hours,
peaks in 24-72 hours. and thereafter slowly subsides.
Conract allengy roamalgam restoratiens resuling in
mucositis and oral lichenoid reacrions also repre-
sents ype IV hypersensitiving. Other examples
include contact dermaritis, Crohn's disease, and
graft-versus-host disease.

Immunodeficiency

Immunadeficicncy can be congenital (present ar
birth) or acquired later in life. Congenital (or pri-
mary) immunodeficiency, such as severe combined
immunodeficiency (SCID) is life threarening and
infanrs rarely survive beyond three years withour iso-
lation in a sterile environment. Loss-ofRuncrion
mutatons in genes encoding interleuking result
in underdevelopment of the immune system, and
patients usually succumb o infection. Acguired
immunodeficicncy  involves the destruction  of
immune cells, such as in human immuncdeficiency
virus (HIV) infection. The HIV virus binds (o CD4*
on T cells and infects them. Infected CD4E* T cells are
then rargeted and destroyed by CD8' T cells, The lack
of T helper cells results in an impaired B cell response.
Diental management of patients with immunode-
ficicncy presents several challenges. These may
include an increased risk of opportunistic infections
(for e.g. candidiasis), delayed and/or poor response
to denral therapy, and impaired healing of oral
wounds, Certain rypes of immunedeficiency disor-
ders, such as HIV and organ transplant patlents
receiving immunosuppressive drugs, may also be
associated with an increased risk of oral camcer.

Auteimmunity

Immuniry is a double-cdged sword. Although the
immune responses protect us from infections, the
immune mechanisms can be directed against ones
own tissues. This is termed anrofninrunisy. Tolerance
1o sellis primarily induced during the development
of the foctus and during very carly nconaral life,
Interactions of immunologie, penctie, and exope-

nous facwors (eg. microbes) can bypas the roler-
ance, thus rerminating a previowsly unresponsive
srale [0 autoantigens, Autoimmune tissue injury
may be mediated by antibodies or by T-cell-medi-
ared reacrions and can involve type 11 and type 01
hypersensitivity mechanisms. Classic examples of
autsimmune disorders include rheumaroid arthritis
(rheumataid Facrors), myasthenia gravis (acerylcho-
line recepror antibodics), Graves disease (anti-T3H
receptor anribodies). pernicious amaemia  {ant-
bodies against inerinsic factor), diaberes mellis
(anribodics against £ cells), and syseemic lupus ery-
thematosus (deposition of immune complexes).

Dramage 1o skin and oral mucosa can result from
autoimmune disorders. Pempligies is charcrerised
by aurgantibodics direcred against the proscins of
desmosomes in the spinous layer leading o separa-
tion of cells from the basal eell layer (acantholysis)
and intra-epithelial fluid accumularion. This mani:
fests clinically as Muid-filled blisters {vesicles) on the
oral mucosa which larer ruprure to leave painful
ulcers. Hemfgn  mucons senbrine l,r:r.u:p-l}r_g,w-f is
associated with autoantibodies directed against the
basement membrane, resulting in separation of the
epithelium from the lamina propria and subepithe-
lial fluid accumulation. This leads to larger blisiers
I:l'ulll.m,:} which FUpPEre 1o leave |.|r_g|.' E:I:Illllrlll ulcers
and subsequent scarring. Sjogren’ sptdrame, another
autoimmune  disorder, leads o l:j.l:lllil!:l.' w the
salivary and lacrimal glands from aucantibedies
and eyrovoxic T cells. It results In xcrostomia {dry
mouth) and xerophthalmia (dry eyes) with ies aren-
dant complications (see Section 10.2.3.1).

Amyloidosis

Amyloidosiz is a group of diseases thar share the
extracellular deposition of pathologic proteinaceous
subsrance (amyloid) berween eells in various risues
and organs of the body. Although poerly understood,
amyloidosis probably results from quantitative or
qualirative changes in the precursor proteins (such as
immunoglobulin light chaing and acute phase pro-
teins assoctated with inflammation). coupled with
defective or deficient protcolysis, Amyloidasis may
be localised or generalised and may resulr In organ
enlargement and  dysfunerion. Common organs
affected by amyloidosis include kidneys, spleen, liver,
GIT, and heart. Amyloidosis may also lead o rongue
cnl.‘ugcm:nt (racroglossia).
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CHAPTER 16

Haemostasis

Kampan Ali

Key Topics

u Overview of the blood coagulation system
B Common disorders ol Bleeding and coagulation

Learning Objectives

To demonstrate an understanding of tha:

= Role of platelets in platelet plug formation (primary haesmostasis)

m Extrinsic, intrinsic, and commaon pathways of bleod coagulation (secondary
haemostasis)

m Fibrinolysis (terliary hagmostasis)

= [nterpretation of common blood tests lo identify bleeding and clotting disorders

m Congenital, acquired, and medication-related defects of platelets and coagulation
disorders and implications for oral surgical care

Introduction

Hacmostasis Is the arrest of bleeding and involves an interplay berween blood vessels,
platelets, and coagulation Fcors (Table 16.1) in the plasma. Under nopmal clrcum-
stances, the anticoagulant facrors in the blood predominare and ensure the smooth
flow of blood. An intact Mood vessel wall {endothelium) promotes the normal How
of blood, prevents stasis of platelers, and maintins the patency of the vessel. This
iz achicved by the smoothness of the endothelium;: production of nitric oxide,
prostacychin, and endothelial ADP-ase by the blood vesels; and the presence of
endogenous anticoagulants in the blood.

Eential Plysiolegy for Demeal Sewdenss, Firse Ediion, Edived by Kamean All and Elizabeth Prabhakac,
12 2019 John YWiley & Sons Lad. Published 20019 by Jehn Wilsy & Sona Led,
Companion website: www wiley.com/gofalif phyziology



Table 161 C

lation faciors

Factor
number

Vi
Vil

Vil

Xl

X

xui

Descriptive nama

Fibrinogan

Prodframbin

Tissue factor

Lahile facior
Linassigned
Proconmverlin
Antihaemophilic factor
Christmas factor
Stuart=Power factor
Plasma thromboplastin
antecedant

Hageman (camact) factor
Fibrin-stabilising factor
Prekallikrein (Flatchar

tactor)

High-molecular-weight
kintnogen (HMWE, aka
Fitzgerald factor)

Von Willebrand facior (VWWF)
Antithrombir 1l

Haparin cofacior

Protein C

Protain S

Plasminogen

Function

Polymernizes (o losm the
blood clot

Activales factors |, W, VIl
VIl X1, X

Initiates the exirinsic
pathway

Codactor for tacior X
activation

Fagilitates binding of
cloting factors to
phospholipids

Cofactor lor activation of
prothrombin to thrombxin

Old name of factor Va

Activates factors X, X
Activates exirinsic pathway
with lissue factor

Golacior in the activation
of factor X

Activates Tactor 1%

Cleaves prothrombin to
thrombin

Activales lactor IX

Activales factor Xiand
preckallikrein

Polymerises fibrin and
stabilises blood clot

Caotactor for the activation
of kallikrein and factor X

Cleavas kininogen
releasing bradylkinin

Platelet adhesion
Anticoagulant

Inhibits factor (1, X
Anticoagulant
Inhibits factor |l
Anticoagulant
Inhibits factors W, VI
Anticoagulant
Colactor for protein G
Lysas fibrin

Genetic disorder(s)

Alibrinogenasmia
Hypofibrinogenaermia
Hypadibrinoganaemsa
Dysprothrombinasmia
Hypoprothrombinaemia

Deficiency does not alect
coagqulation as respiraiorny arres!
may occur prier 1o beeding
Parahagmophilia (factor V'
Leiden mulation)

Deficiency beads o bleeding
diathesis and hagmorrhages

Haemophilia A

Haemophilia B or Christmas
disease

Dreficiency leads to bleeding
diathesis and haemorrhages
Haemomhage afler surgery or
trauma

Deficiency may lead to
thrombeosis dua to inactivation of
fibrinolysis

Bleeding diathesis

von Willebrand disease
Deficiency of antcoagulant
factors promotes procoagulant
tendency and increases risk of
vienous thromboembolism



Following injury to the blood vessels, a serics
of events leads to the formation of a blood clot.
A simplified sequence of events ean be described as:

* Prinsary haeorosasii: Blood vessel wall con-
striction and formartion of a plareler plug.

* Seconcliry Daemostaris: Activation of coagulation
cascade resulting in the deposition and stabilisation
of fibrin.

* Tertiary Iaemostasts: Fibrinolysis resulting in dis-
solurion of filarin.

Platelets

Features

Platelets or thrombocyres lack a nucleus and arc
membranc-bound, cell E’T,.Hmd.'n::; of megakaryo-
cytes {Chapeer 14). Their producrion is regulated by
1 hormone, thrombopoietin, which is produeced by
thie liver and kidneys. Plarclets are discoid-shaped
cells thar resemble a biconvex lens and measure
25pm in diameter (lens-shaped). The normal
plateler coune is 150 000—450000 pl* of blood and
they have a lifeipan of 8-10 days.

Functions

The main fnction of che plarelers is to aid
haemosrasis. First, they help in the formation of
a haemostatic (plateler) plug. Second, the phospho-
|J!.1il:E membrane of !:II;I:!;IC::L activates the cmgu!a-
tion cascade. The formarion of a bloed clot not
'|.'|I:|}' ACHCSIS 11]-:.':;4:5':::{; but also contribuges o the
initial stages of wound healing, Hyperactivity of
platelers also coneributes o several pathological
conditions, such as thromboembalism and cardio-
vascular discase,

Disorders

Fhrombocytapenia is low platcler count. It may be
caused by decreased production of placelers due to
bone marrow damage (e.g. aplastic anacmia; leukae-
mia, and myelofibrosis) or increased destruction
{e.g. aurcimmune thrombocyropenic  purpusa,
wransfusion of stored blood, and spleen enlarge-
ment). Functional disorders of platelets may occur
despite normal counts and may be inherited or
acquired. Vo Willebrand's discase is inherired as an
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aurosemal dominant crait and leads to defective van
Willebrand fraction of factor VIIT, which is required
for plarelet adhesion and plug formarion. Aequired
disarders which cause impairment of platelet
funcrion include liver disease and renal disease
(uraemia). Morcover, drugs with antiplateler activ-
ity are frequently prescribed 1o parients with cardio-
vascular discase as blood thinners, Examples of such
drups include aspirin, dipyridamaole. elopidogrel,
veagrelor, and prasugrel,

Thrombocytopenia can lead 1o bleeding from
skin and mucosa. Manifestations include episraxis,
purpura (red or purple spors due to subcutancous
|1iccd||:g:l. petechiae (pin poine  haemorchagic
spots), and gingival blecding. Patients with plage-
let counts below SO000pl" may experience exces-
sive bleeding during oral surgery. Morcover,
paticnts on antiplateler drugs require addirional
hacmostatic measure 1o conirel bleeding during
oral surgery.

Thromboeytasis is increased plateler count. Ir is
reganded as primary when caused by cancer of the
bone marrew, Secondary types may develop due o
inflammation, infection, haemordhage, hyposplen-
ism, and steroid medicarions. A high plateler count
may increase the risk of thrombosiz and cardiovas-
cular discase.

Formation of Platelet Plug

Damaged endothelium cxpresses von Willebrand
factor (vOUF) which Geilitares the adbesion of the
platelets to the subendothelium by binding to plarelee
glyeoprotein (GPIb). Onee anchored o the vessel
wall, the plareless undergo aainanion, releasing a vari-
ety of mediators stored in the gyroplasmic granules
including adenosine diphosphare (ADP). A variety of
hinchemical changes accompany plarclet activation
including the mobilisation of intracellular cabcium
from platelet eytoskeleton. Intracellular caleium acis
as the second messenger that drives gyroskeleral
changes in platelets and causes degranulation. It acti-
vates of several evenis in the placeles including
release of kinases necessary for morphologic change:
the presentation of the procoagulant phospholipid
surface; the secretion of platelet granular content
{fibrinogen, fibronectin, and vWEY; the activation of
glycoproteing and the activation of phospholipase A,
Phospholipase caalyses arechidonic acid metabolism,
producing  thromboxane e’Lz I[TJ{..I"I.;} viz the
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cyclooxygenase pathway. TXA. is a powerfil media-
tor of platcler :.wn:nm 20

Ageregarion of plarclets occurs chrough activation
of the fibrinogen recepror (glycoproteins [Ib and
Ia) cxpressed on platcler cells. This facilitacs
binding of fibrinogen and linkage of the activared
platelers through fibrinogen bridges, forming a
plareler plug,

Activation of the Coagulation
Cascade

The coagulation cascade can be riggered by roo
separate pathways, as illustrared in Figure 16,1, and
invalves & series of reactions to convert pro faciors
into activared factors. The adrinsic patfusay is wig-
gered immediarely after injury to blood vessels, which
refeases tissue factor from the vessel wall, which, in
turn, activates factor VII. The inringic p:nﬁrm_y
is initiated by the formartion of a complex of facor
Xl high-molecular-weight kininogen (HMWE]),
and prekallikrein on the surface of collagen. Bach
pathways uliimarely lead'to the activation of factor X

wo trigger the common patfy. The activated facror X
then caalyses the activation of prothrombin, which
in turn activares thrombin. Finally. thrombin aces on
fibrinogen to converr it to fibrin,

Fibrinolysis

As repair proceeds, dhe clor gradually dissolves
{fibrinolysis). Thrombin {activated by the commen
pathway) and the rissue plasminogen acrivacor
{released by the damaged tissue) activare the preen-
zyme plasminogen. The activation of plsminogen
convents it into plasmin, which digets the fibrin
strands, releasing Abrin degradation produces (FOP).
A variety of blood tests are wvailable 1o asess haemo-
scatic function and are summarised in Table 16.2.

Coagulation Disorders

Genetic Disorders

Haemophilia is a rare, yer well-recognised, generic
coagulation disorder which s ransmined as an
X-linked recessive traic. Males have XY chromosomes

se3gaal

~mgz-=8am

Figure 16.1 The coagulation cascade.

Exirinsic Pathway




Table 16.2 Blood
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coagulation tesis.

Test Dezcription Mormal Interpratation
values
Bleeding time (BT)  Time interval between cozing of 2-9min Prolonged in platelet deficiency
Blood 1o armest of bleading Van Willebrand disease
hMeasures plalelet function in vivo
Frothrombin Time 1aken by the citrated 10=i5sec  Prolonged in liver disease
fime {PT) platelet-poor plasma to form a clot Deficiencies tacior Vil and vitamin K
in the presence of concentration of Wartarin tharapy
calcium and tisswe thromboplastin
Refiects tha integrity of the edrnsic
and common coagulaticn pathways
Intarnational Standardises the PT resulls across  0.8-12 As for PT above
normalised ratio different laboratorias as
[INR) thromboplastin test reagents ditfer
in sensitivity
Activated partial Time required for clot formation 20-36sec  Prolonged in deficlencies of
thromboplastin when plasma is mised with clotting factors axcept facior Vil
lime (aPTT) phosphokipid, calcium, and a Most sensitive to factor VIl and
contact activator {e.q. Calte®, X deficiencies
kaolin, silica) reflects tha integrity
of the intrinsic and common
coagulation pathways
Thrombin time (TT) Time required for thrombin lo 9-13sec Prolonged in fibrincgen dehciancy

comvert fibrinogen to fbrin
Performed by adding thrombin
1o plasm

Clotting faciors Measurement of plasma leveis
assay ol individual clofting faciors
and can inherit an X chromosome carrying

haemophilia from their mother. e also means that
fathers cannor pass hacmophilia on te their sons,
Females have owo X chromosomes, and if they
inherit the haemophilia gene from their mother,
they will only be carriers of hacmophilia as they
are likely to inherit a healthy X chromosome from
their father. Hacmophilia in females is rare. About
one=third of cases are caused by sponraneous
genetic mutations. The incidence of haemaophilia
is approximately 1 in 5000 birdhs.

Haemaphilia is characterised by a deficiency or
defective factor V111 and results in severe and pro-
longed bleeding, depending on the severity of the
factor VNI deficiency. Haemaophilia is graded as mild
{5-5080 of factor VIID, moderare (1-5% of factor
ML), and severe (= 1% of factor VIII). Approximately,
30% of affected individuals have a severe form of

{hypofibrinogenemia), defective
fibrinogen (dysfibrinogenamia),
liver disease, and Heparin therapy

Identify individual or combined
clofting factor deficiencias

haemophilia. Apart from severe external bleeding
following trauma, haemophiliscs may experience
internal bleeding in the joints, muscles, abdomen,
and cranium, the laer being porentially faral.
Haemophilia is managed by the replacement of fac-
tor VI and all haemophiliacs need 1o be registered.
Invasive dental surgical procedures, including tooth
extractions, are done in a hospital serting under the
joint care of a hacmarologist and an orl surgeon.
Depending on the severity of haemophilia and the
nature of the surgical procedure, appropriate factor
VI replacement must be provided.

Christmas Disease

It is also known as haemaplilic B and is caused by a
genetic deficiency of factor IX. Like haemophilia
A, it is transmicted as an X-linked recessive traic and
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its incidence iz approximarely 1 in 30000 births.
Like haemophilia A. it usually affects males, and the
clinical presentation is also similar. Management
requires Fictor IX replacement.

Acquired Disorders
Vitamin K Deficlency

Vitamin K is far soluble and helps in the synthesis of
several cloring Fuctors, including facrors 11, VII, IX,
and X and proteins C and 5. A deficiency stare may
result from malabsorprion (cholestaric jaundice). an
impaired endogenous synthesiz (broad spectrum
antibiotic use), and impaired urilisation  (liver
disease, oral anticoagulant drugs). It may be lead o
a bleeding rendency and present with bruising and
bleeding from internal organs.

Liver Disease

Liver is the site of the synthesis of bleod-clotring
factors. Hepatocytes are involved in the synthesis
of fibrinogen, prothrombin, factors ¥, VII, 13X, X,
A, and X, as well as proteins © and 5, and
anrithrombin, whereas liver sinussidal endothelial
cells produce factor VI and vWE Liver discase,
such as heparitis and liver circhosis, increases the risk
ﬂ”ﬂtm‘ﬁng. Dental surgery in paricns with liver dis-
ease requires preoperative liver function cests (LFTz)
and liaising with the patient’s medical practitioner,

Disseminated Intravascular Coagulation

Disseminated intrvascular coagulation (DIC) devel -
ops asa complication of several conditions, including
sepsis (infectiion with gram-negative bacteria), blood

Table 16.3 Classification of haemorrhage:

rransfusion reactions, malignancy, and liver filus,
and is usually observed in hospitalised patients. Itk
characteriscd by systemic activation of blood coaga-
lation leading to widespread Fibrin deposition and
the development of microvascular thrombi and may
result in multiple organ dyshunction. The consump-
ton of coagulation fctors may subsequently indice
severe bleeding.

Drugs

Paticnts with a history of cardiovascular disease
are frequently prescribed an:icuaguhnr drugs, such
as warfarin, dabigatran, rivaroxaban, apixaban,
and hl:p'.u.";l:. J'"l.l!:ic;mgl.ll:ll:n l|!||::r:|F:l:|.' increases the
risk of bleeding during oral surgical procedures.
Nevertheless, minor surgical procedures, such as the
extraction of up o three vecth, can be carried o
safely using additional hacmostatic measures in
general dental pracrice senings. Patients on warfa-
rin alzo need preoperative INR checks o ensure
their INR is below 4.

Haemorrhage

Haemorrhage usually resuls from rrauma or surgery
and the response of the body is largely dependent on
the severity of the blood loss (Table 16.3). Minor oral
surghcal procedures, such as tooth exeractions, usually
lead to minimal Blood loss and are not accompanied
by any significant cardiovascular changes. In conrrast,
severe and progressive blood loss may resule from
n1:1jnr TFALima a ﬂd SUTEETy, w]]'ir:h (=1 lead o r.".'ﬂﬂﬂfﬂ-'
hypoperfusion, owing ro the reduction in carndiac
outpurand/or reduction in effecrive circularory blood
volume (hacmorrhagic shock).

Pararmeter

Class 1

Blood loss (mil) 750
Blood loss (%) 15
Heart rate (beatsmin) <100
Respiratony rate (breaths min') <20
Blood pressure Maormal
Urine outpu (mih-?) =30
CHNS status Nong
Replacement requirements Mone

Class Il Class i Class IV
7501500 15002000 = 2000
15=30 3040 =40
100120 120140 = 140
20-30 A0—40 =35
Hormal Decreased Decraased
20-30 515 Negligible
Anxiaty Confusion Lethargy
Crystalicids/blcod Blood Blood



To understand the bodys response to blood
loss (in the absence of medical intervention), it is
customary to describe haemorchagic shock in the
following stages.

Stage |: Early Compensated Shock

IF there s a minor deficiency in circulating blood
volume, the following compensarory mechanisms
are sufficient g0 maintain the cardiac outpur and
blood pressure at near normal levels:

* Activation of sympathetic nervous system to
ingrease the rare and force of heart contraction:
constriction of peripheral arteriolar beds.

* Activation of the renin-angiotensin mechanism
to increase aldosterone secretion.

* Imcrease in secrction of antidiurctic hormone.

* Increase in respiratory rate due to stimulation of
peripheral chemoreceprors (increase in CO, and H*
or a decrease in O,). Barorecepiors in major vessels
alsa increase respiratory rate in response to a drop in

hlood [ressure {E P:I

Stage |I: Early Decompensated Shock

Persistence of shock, especially when accompanied
by a further loss of blood, leads to a decling in cardiac
cutput and BP Tachypnoea as a resule of decreased
pulmonary perfusion is also comman. Hypaoxia may
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lead o a shifi towards anacrobic glycolysis, produe-
tion of lactic acid, and metabolic acidosis. However,
the body trics 1o maintain perfusion to vital organs of
the body ar the expense of other argan systems.

Stage lll: Progressive Decompensated
Shock

Persistence  of tissue hypoxia and  warsening
metabolic acidosis lead 1o microcirculatory changes
with dilamation of arterioles while venules remain
constricted. Pooling of blood in the tisues leads 1o
stagnant hypoxia of the entire body: there is damage
to the endothelium, leading 1o leakage of Auid and
proteins inte the tissues (oedema), impaired energy
production, impaired membrane transport of jons,
lysosomal enzyme leakage, and cell injurny. Clinically,
there is a progressive reduction in the cardiae outpur
and BE Ischacmia involving brain, hearr, and
Kidneys leads o coll death in these organs with a
progressively decpening coma,

Further Reading

Dr Bajeeh Lecwres (2008).  Insulin: Synchesis  and
secretion: Part 174, hagpealfwanyourube comfueanchive
qGaTj85emik (accewsed 1 May 2018).

Hall, [.E. (2015). Chaprer 37. In: Guytor amd Holl
Texthook of Medical Plysiolagy, 13e. Philadelphia:

Elsevicr.
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CHAPTER 17

Endocrinology

Kamrvan Ali

Key Topics

m Overview of the pituitary, thyroid, and adrenal glands
m Common endocrine disorders ascsociated wilth these giands

Learning Objectives

To demonsirate an understanding of the:

m Chemical struciure, functions, and confrol of hormones secreted by the pituitary,
thyroid, and adrenal glands

m Causes and effects of hyper- and hyposecretion of pituitary, thyroid, and adrenal
glands

= Relevance of commoen endocring disorders to the provision of oral and dental can

Intreduction

Harmones are secretions from glands and specialised cells direcely into the blood. They
produce a variety of cffects on metabolism and growth. In this chaprer we review the
pituitary, thyroid, and adrenal glands.

Pituitary Gland (Hypophysis)
Ie iz a pea-sized pland located in the hypophyseal fossa of the sphenoid bone in the
middle cranial fossa. It is connected to the inferior aspect of the hypothalanus through
the dypophyseal seall (Figure 17.1). Ieis divided into owo pars:

* Anterior pituitary (adenolypopfysis): originates from an embryonic invagination of
the pharyngeal cpithelivm and secretes several pepiide hormones.

Essemtiad Prysiolagy for Deneal Srustesttr, Firse Edition. Edited by Kamran Ali and Elizabeth Prabhalos.
2009 John Wiley & Sons Led, Published 2019 by John Wiley & Sons Led,
Companion webaite: wwwowilepcomigefalif physiologye
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Fagrs nton of phatary and

Figure 17.1 Pituitary gland: Location, blood supply and histology. Source: Tortora and Derricksen (2013),
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* Posterior pituitary (mewralypoplysis): orginares
from the lower end of the hypothalamus, is
compaosed of neural tssue, and secreres two pepride
hormones.

Anterior Pituitary Gland

The main hormenes synthesised and seereted by the
anterior pituitary are summarised along with their
key actions in Table 17.1. These hormones are
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acretad by tha antarior pitulary:

Hormone Secrefary Action Regulation (Hypothalamus)
Cells Stimulation Inhibiticn
Growth hormons Somatoirophs  Promotes genaralised Growth-hormene-  Growih-hormane-
(GH) growdh of the body releasing inhibiting
hormone (GHRH)  hormone (GHIH,
somalostating
Admenocorticolropic . Corficofrophs Stimulates adranal Corticotropin- -
hermone (ACTH) corlax releasing
hormone (CRH)
Thyroid stimulating Thyrotrophs Stimulates thyroid Thyrotropin- =
hormone (TSH) hormones (T3 and T4)  releasing
hormone (THH)
Prodactin hormone Lactatrophs Promotes mammary — Prolactin-inhibiting
[PH) gland development hormena (P1H)
and milk production
Gonadelrapic Gonadolrophs  Develepmant of Gonadotrapin- —_
hormenes (GnH) ovarian follicles rzleasing
Spermalogenesis hormaone (GnRH)
in lestis
Folliche-stimulating Crulation
hormone (FSH)
Lutednising Production of sex
harmene (LH) hormoneas by ovaries
and testis

comtrolled by releasing and  inhibitory Facrors
secreted by the hyporhalamus and rransported to
the anmerior pituitary l|h;u|,|.|;l1 the I{rpn:#mmmr'r—
Iypoplryseal portal veweli. All hormones from the
aneerior pituitary, excepr growth hormene (GH),
exert their effects on specific targer cells. In contrase,
GH exers s effects on the entire body:.

Growth Hormone (Somatotropin)

GH is synthesised by specialised cclls, called semnaro-
trapes, which constiture 30-40% of the cells in the
anterior pituitary. The actions of GH include:

* Increases mitosis and size of cells througheur the
bady and promores growth. These effects are par-
ticularly marked in sheletal tissues such as bone and
cartilage. GH stimulates the liver o produce spe-
cific proteins, known as sematemeding (insulin-like
growth Factors), which enhance bone growrh.

* Increased proein synthesis, which ultimarely
contribures to growth. GH specifically causes:
= [ncreased transport of amino acids into the cells
= Increased transcription of DNA in the nucleus
o [ncreased KNA cranshation in nbosomes
s Decreased breakdown of proweins.
o Increased breakdown and urilisation of fas.
» Decreased breakdown and wiilisation of carbe-
hydrates. This in tum increases blood glucose
and stimulates insulin secretion. Excessive GH
secretion can lead 1o diabersgenic effects predis-
posing the individual to type 2 diabetes (pirwirary
diaberes).

GH secretion is stimulated by growth-hormone-
releasing  hormone (GHRH)  (hypothalamus),
starvation {decreased blood  glucose, free iy
acids, and proteins), exercise, and rauma, GH is
inhibited by growth-hormone-inhibiting hormone
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{GHIH) (hypothalamus), aging, obesity, and exog-
enous GH supplements.

Hypersecretion of GH in adolescence {before epi-
physeal elosure in long bomnes) leads o gigeneinm,
which is characterised by increased height of the
affecred individual with an increased risk of second-
ary diaberes (as explained above).

Hypersecresion of GH in adults (after epiphyseal
closure in long bones) leads 1o acromegaly, which
is characterised by increased thickness of bones
and soft tissues. Bone enlargement is particularly
remarkable in the hands, feer, and cranioficial
skeleton. Mandibular protrusion is characteristic and

often requires surgical correction. Soft-tissue enlarge-
ment may manifest with macroglossia (enlarged
tongue) and  sialosis (enlarged  salivary Hlands}.
Dental management may be complicated by diaberes
and cardiac discase,

Hypesecretion of GH is wsually assoctared with
deficiency of other hormones of the anterior pitui-
tary {panhypopituitarism). In children this leads to
drsarfiems, which is chamcrerised by generalised
growth retardation and lack of sexual developmen:
due to deficiency of GH and gonadotropins respec-
rively. In adules, panhypopitaitarism is characrerised
by deficiencies of thyroid, glucocorticoid and gon-
adotropin hormones. Dental management of paticnts
with ACTH dl:ﬁl:icncy may be complicared by

Addizonian crisis (described later).

Posterior Pituitary Gland

It secretes two pepride hormones, namely antidio-
retic hormone (ADH) and oxyrocin. These hor-
mones are actually synthesized in the cell bodies of
the suprdoptic and paraventricslar nuclei in the
hypothalamus. ADH s primarily synthesised in the
supraoptic, while oxytocin is formed in the paraven-
tricular nuclews. The hormones are then transported
in combination with carrier protcing (mewrapdysing)
to the posterior pituitary through nerve tracks thar
rraverse the pituitary stalk.

Antidiuretic Hormone (Vasopressin)

ADH conserves water by controlling the rate ofwater
excretion in the urine. It increases the permeabiliny of
collecting ducts and' mubules in the kidney 1o warer.
This leads w0 increased reabsorpeion of water in the
renal tbules, reulting in cxcrction of a concentrared

urine. ADH (ac high concentrations) also causes con-
striction of arterioles, with a resultant increase in
arterial pressure, hence the name ssopresin,

ADH secrction is stimulared when the extracd-
lular Auid (ECF) becomes concentrated o allow
conservation of water (Figure 17.2). Conversely,
when the ECFE is dilured, the secretion of ADH i
inhibired. Moreover, ADH secretion is stimulazed
by low blood volume and low blood pressure, far
example following @ hacmorrhage.

Dreficiency of ADH may lead o alialretes imsipi
g, which is characterised by excessive urination
{palyuria), thirst, and dehydration. Xerostomia may
be observed with iv artendant complications.

Oxytocin

le canses puwprﬁﬂ contraction of the uterus powvarcds
the end of gestarion in pregoant subjecrs - and
induces labour. In addition, it facilitares lactation by
promoting expression of milk from the alveoli inte
the ducs of the brease.

A %}'J'I-I!'H.!Iic analogue of oxyrocin, known J\J'?l:-i'
pressin, is used as a vasoconstrictor in denal local
anaesthetics (in combination with prilocaingl. Lise
of fely pressin is best avoided in pregnant subjects, a3
there is a theoretical risk of premarure induction of
lalyour,

Thyroid Gland

The thyroid gland is locared anterior ro the trchea
in the neck (Figure 17.3). It is shaped like a burter-
fly and consists of two lobes joined by a ceniral
isthmus, Weighing approximately 15-20g, it is
considered one of the larges: endocrine gland. The
thyroid gland develops as an epithelial proliferation
at the base of the tangue berween the ruberculune
impar and the eapuls, a point demarcared larer by
the foremen caecumr. The thyroid diverriculum then
descends into the neck and divides inco the lareral
lobes and the ischmus.

The thyroid gland is composed of follicles lined
by cepithelium. The follicular cells secrere two
hormones, namely trijodothyronine (T3) and erra
iu-dn'rh}'mninc (T4, or Tl:yruxilw], which eause a
marked increase in the meabolic rate. The para-
follicular of € cells of the thyroid secrete another
hermone, known as ealeironin, which has a role in
calcium regulation and is discussed scparaely.
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Figure 172 Control and actions of antidiurgtic hormone secration. Source: Toriora and Derickson (2013).

Synthesis of Thyroid Hormones

The interior of the thyroid follicles is filled by a
proteinaccous substance konown as colleid. The
main constituent of the colloid is ehyraglebulin, a
tyrosine-containing  protein. The thyroid pland
absorbs dicrary iodine from the blood which is
then oxidised o allow its coupling with ryrosine
within the thyroglobulin molecules, Tyrosine is
indised successively to tri- and tetra-iodoryrosine,
forming T3 and T4 hormones respectively. These
remain stored as part of thyroglobulin within the
colloid. Secrcrion of thyroid hormones involves
their reabsorprion from the follicles into the blood.
Ohver 90% of thyreid hormenes released into the

blood consist of T4, but most of i is converted o
T3 in the rissues.

Actions of Thyroid Hormones

Thyroid hormones produce marked cffects on a
number of cellular processes which result in an
increased basal metabolic rate of the bady.

Ar the cellular level, the actions of thyroid hor-
mones lead to the following:

* Inereased nuclear eranscriprion of a large number
of genes resulting in increased synehesis of proteins
that funcrion as eneymes, cell sucface receprors,
structural, and carrier proteins.
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Figure 17.3 Thyroid gland: Location, blood supply and histedogy. Source: Tortara and Damickson (2013).




* Increased size and number of mitochondria.
* Increased rare of transport of jons across the cell
membrane, including sodium and potassiom.

The aforementioned effects lead ro stimularion of
avariery of merabolic activities:

* Increased carbohydrate metabolism, including
ghecose absorption from the gastrointestinal tract
(GIT), cellular uptake of glucose, glycopenolysis,
aird gluconeogenesis.

* Inereased far metabolism, including their mobili-
swion from far stores with a reduction in body
“‘fiﬂit. Plazma CONCeMIEATION :||1d ::;ci)da{i:{rn. afl rrt.:c
Fuey acicls is also increased. Secretion of cholesterol
in the bile is also enhanced, which lowers its concen-
traticn in the ]II:I\"III..

* Increased protein synthesis (in small amounts).
Larger increases in thyroid hormones lead o pro-
tin catabalism, muscle weakness, and tremors.

* Increased urilisation of viramins.

The increased metabolic activity resulting from
thyroid hormones is complemented by a number of
physiological effects:

* [ncreased e and dn;_:p:h of respiration to compen-
sare for increased demand of oxygen and the need to
r|1'mi|1.'|t-.-. ji'lC!'l.'.l.M.‘l:! |..1r|!:|||-n diuxi:ll; ﬂ.'snlljl'lg !'r::nm
metabolic activity. Dissociation of haemoglobin from
ux}'ha-:nmulnhin is also enhanced, awing o incresed
production of 2, 3-diphosphoglyeeric acid.

* |ncreased heart rate, force of cardiae contraction,
and cardiac ourpur. The cardiovascular effects partly
result from increased synthesis of adrenergic recep-
tors by thyroid hormones which enhance the effect
of sympathetic hormones.

* Increased motilicy of the GIT.

Finally, the thyroid hormones contribute to the
growth of both skeletal as well as soft tissue, espe-
chally the brain. They are also required for normal
sexual functions and menstruation.

Regulation of Thyroid Hormones

Synthesis and secretion of thyroid hormones is stim-
ulzted by TSH from the anterior picuitary, and TSH
secretion irselF is stimulared by TRH from the hypo-
thalamus. As the hypothalamus regulares the central
control of body temperature, cxposure 1o cold stim-
ulates TRH sccretion. On the other hand, increased
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levels of thyroid hormenes suppress TSH. secretion
through a negative feedback. Thyroid secretion is
also inhibited by antithyroid agents. such as thiocy-
anare, propyl thiouracil, and inorganic fedides.

Hyperthyroidism

The most-recopnised form of hyperthyroidism is
Grave's disease, which is an autoimmune disorder
characterised by antibodics directed againse the TSH
receprors in the thyroid. These antibodics (thyroid
stimulating immunoglobuling, or TS1s) simulare the
actions of TSH and cause prolonged stimulation of
thie thyroid gland leading to its marked enlargement,
or geitre. A typical feature of Grave's discase s exoph-
thalmaos (bulging of the cyeball), which is caused by
oedema of rewrobulbar tissues and  degenerative
changes in the extraocular muscles.

Addenomas {b-cl:ig,l: memours) of the thyroid can
cause excessive thyroid hormone production. The
excessive levels of thyroid hormones inhibic TSH and
may lead to atrophy of the remainder of the thyroid.

Hypothyroidism

Hyporhyroidism may result from several causes and
some of them are summarised below:

* Endemiie colfoid goitre resul s from diceary deficiency
of iodine. Inadequate thyroid hormone symthesis
leads 1o excessive TSH secretion, which stimulates
the thyroid to produce large amounts of colloid
(thyroglobulin), causing thyroid enlargement.

o New-roxic goitre results from defecrs in enzymes
required for iodine trapping and synthesis of thyroid
hormones.

= Hashimoro} thyroidicis is an autoimmune disorder
which causes destruction of the thyroid gland.

* Cretininn resuls from extreme congenital defi-
ciency of thyrold hormones either due o genetic
enzyme defects or dietary deficiency of iodine,
It is charactetised by impairment of physical
{especially skeletal} growth and mental retardarion.
Macroglossia may develop with attendant difficulry
in swallowing and breathing.

= Myeedema is seen in adules with extreme thyroid
deficiency and results to accumulation of hyalu-
ronic acid and chondroitin sulphate in interadtial
spaces, which impart a characreristic swelling of the
face and bagginess under the eyes,
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Table 17.2. Fy i
Hyperthyroidizm

Heat infolerance

Increased sweating

Warm mois! skin

Irritabdlity

Muscles tremors

Increased appetite; diarchoaa
Waight loss
Tachycardia
Adrial fibriftation: heart failune
Amenorrhoea; Qynaecomasha

* lamogenic hypothyreidism follows surgical removal
of thyroid as part of treatment for hyperthyroidism.

Ohwing to a close association of the development
of the thyroid with the wngue, remnants of thyroid
tissue may be found in the tongue (fingual thyraid)
and it often presents as a lump berween the foramen
caecum and epiglotris.

The tj'piv:a] clinical fearures of hyper- and
hyposecretion of thyroid hormones are summarised

in Table 17.2.

Adrenal Gland

The adrenal glands are paired and locaced ar
the superior poles of the kidneys bilaterally
{Figure 17.4). Each pland consists of an outer zone,
known as the adrenal cortex, and an inner zone,
known as the adremal mediella. The adrenal correx
constitutes 80% of the gland and sccreres several
steroid hormaones, all of which are synthesized from
cholesterol. The adrenal medulla forms the remain-
ing 2006 of the gland and secretes two hormones
{epinephrine and norcpinephrine), which produce
effects similar 1o those cansed by stimulation of the
sympathetic nerves and are discussed in Chaprer 22,

Adrenal Cortex
The adrenal cortex consists of three distinct zones:

* Fona glomernloss {ouvermost, thin zonel; Secretes
mineralocorticoids, which regulate sodium reabsorp-
tion and potassium excretion by the kidneys.

Hypothyroidism

Caold intelarance
Raduced swealing
Cold, dry skin; hair loss
Slow reactions
Somnolance
Hoargseness of voice
Reduced appetite; constipalion
Weaigh! gain
Bradycardia

Angina

Meanamhagia

* Fona fascicrlere (middle, widesy zone): Secreres
glueocorticoids, which regulate the body's responsc e
stress and affect carbohydrite, protein, and lipid
metabalism.

= Zong  reticalaris  (inncrmost
androgens, which regulare sexual funcrions in males,

Fonels  Secrelcs

Glucocorticoids

The main glucocorticoid hormone secreted from
the adrenal cortex in humans is cerrisel. It helps the
body to respond to siress and has several menabolic,
anti-inflammarory, and antiallergic acrions.

Actions

» Carbolydrice metabolisnm: Cortisol increases bload
glucose levels by causing a muli-fold increase in
gliuconeogenesis and reducing glucose utilisation by
cells. Excessive secretion cortizol can lead 1o dinbe-
tagense effeces, predisposing the individual 1o rype 2
diaberes (adrenal diaberes).

= Protein metabolism: Corisol increases protein
breakdown in tissues and inereases the mobilisagion
of amino acids in the blood, which are then urilised
for protein synthesis in the liver, especially for the
synthesis of plasma prorcins.

* Far mierabolion: Cortisol increases mobilisation of
fatty acids from adipose rissue by reducing the levels
of a glycerophosphare, The increased free fanry acids
in the plasma are then wiilised for encrgy produc-
tion. Obesiry observed in hyperscererion af cortisal
s |!cr||:||.1-s related ro incrcased appetite,
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* Anti-inflammatory and imnnemppresive effece: s Inhibition of phospholipase A2 to block the
Cortisol has porent anti-inflammatory and antial- production of arachidonic acid mewmbolites,
lcl:gi.c effects, owing to the following actions: which are porent mediarors of inflammation
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o Srabilisation of lysasomal membranes

® Reduction in capillary permeabilicy

L] ]n]'ti'bitar]r effects on neutrophils, macrophages,
and lymphocyres.

However, owing to its immunosuppressive effects,
high levels of corrisol are associared with delayed
wound healing and increased risk of opportunistic

i.nfac:inn:s.

Regulation of Cortisol

Synthesis and secretion of corrtizol is stimulared by
ACTH from the anrerior piaitary, which ieself is
stimulated by conticotropin-releasing  hormone
(CRH]) from the hypothalamus. Stress caused by a
variery of causes, such as rauma, surgery, and
infeetion, stimulares secrction of ACTH. Increased
cortisol levels (endogenous or exogenous) inhibir the
secretion of ACTH and CRH through a negartive
feedback mechanism.

Disorders of Cortisol Secretion

Primary fyposdrenccorticion (Addisons  disease)
most commeonly results from auroimmune damage
bur may also be caused by infection (tuberculosis),
surgical removal, tumeurs, and drugs (rifampicin,
ketoconazole). Secomdary byposdrenocarticism most
commonly results from long-term steroid therapy.
The feaures of hypoadrenocorticism vary but usu-
ally include postural hypotension, fever, malaise,
weakness, GIT symproms (anerexia, nausea), weight
lass, depression, impotence, and amenorrhoca,
Patients with primary hypoadrenocorticism may
be at risk of Addisonian (steroid) crisis due 1o stress
associated with dental interventions. The main
issues include hypotension and hypoglycaemia due
1o reduced secretion of cortisol,
Hyperadrenacorticism may be caused by increased
levels of ACTH from a pieultary tumeur (Cushings
discase) or primary cxcess of cortisol from endoge-
nous or exogenous source (Cushing's syndrome).
The Features of hyperadrenocorticism include
ceneral far deposition which may imparr character-
istic physical features, including a ‘lemon on woth-
pick’ appearance, moon face, and a buffalo hump
(due 1o excess fat deposition ar the back of the neck
between the shoulders). Other features include

hiypertension, cardiac disease, secondary diaberes,
atrophy of skin with easy bruising, frontal baldness
in males. growth of facial hair (hirsutism), acne,
osteaporosis, muscle weakmess, reduced libido, psy-
chosis, and depression,

Dental management of parients with hyper-
adrenocorticism may be complicated by hyperien-
shon, diabetes, psychosis, and cardiovascular disease,
There is increased predisposition to oppornunisic
infections such as candidiasis due o immunosup-
pression. Surgical interventions like woth exerac-
tions may be complicared by delayed wound healing
and postoperative infection. Finally, paticnis on
exogenous steroids may be ar a theorerical risk of
seeroid crisis, owing to suppression of the adrenal-
PItLEEArY AXis,

Mineralocorticoids

The main mincralocomicoid hormone secreted
from the adrenal cortex in humans is aldosterons.
The main funcrion of aldosterone is w sustain the
ECF volume by conserving sodium in the body anid
therchy mainmining venous return, cardiac ourpur,
and arterial blood pressure.

Actions

* The targer rissue for aldosteronc is the distal renal
tubules, where it promaotes active reabsorption of
sodium by increasing the transcription of several
transport proteins. Passive reabsorprion of water
follows sodium, allowing rhe isotonic cxpansion af
ECF volume.

*+ It also stimulates acrive sccretion of porassium
into the lumen of the distal renal wbules and its
ultimare excretion in the urine.

Regulation of Aldosterone
Synthesis and secretion of aldosrerone is stimuilated by:

= Activation of the renin-angiotensin system. Briefly,
the juxstaglomerular cells of the kidney respond
to hypovolemia by secreting rewin, which acts
on plasma angioteriinogen (secrered by liver) o
form amgiotensin I, which is farther eleaved by
angiotensin-converting eneyme (secreted by lungs)
to angietensin I, Angiotensin 11 siimulates the



secretion of aldosrerone and also causes vasocon-
striction. Both these actions help to mise arcerial
blood pressure.

* [nereased plasma concentration of potassium.

* Reduced plasma concentration sodium.

= ACTH Fom the anterior pituitary {minor
contribution].

Aldosterone synthesis is inhibited by atrial natriu-
retic peptide (ANMP) secrered by arrial myocytes in
response to volume cxpansion. AMP also inhibis
activation of the renin-angiotensin system.

Disorders of Aldosterone Secretion

Primary hyperaldosicronism may be caused by an
adrenal adenoma (Conn’s syndrome) or bilaceral
sdrenal hyperplasia. Secondary overproduction is
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seen in cardiac failure, renal arery stenosis, nephrotic
syndrome, or liver circhesis. It is characterised
by cxcessive retention of sodium with consequent
hypertension and hypokalacmia.

Reference

Tortora, G.J. and Derrickson, B. (2013). Prnciples af
Anarary and Plryriolegy. Hoboken, MNJ: Wiley,
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Hall, J.E. {2015). Chaprers 76, 77, and 78. In: Crprant
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Phi!a.rjclph‘i:l: Elsevier.

Hasudungan, A. (2018). Endocrinology. hups:ff
www.yourube.comiwarchiva YePicFLS Jnw (accessed
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CHAPTER 18

Regulation of Blood
Glucose

Kamran Afi

Key Topics

= Overview of blood glucose regulation
= Overview of diabetas mellitus

Learning Objectives

To demonstrate an understanding of the:

Impartance of blood glucose metabodism

m FAole of insulin and glucagon in the maintenance of normal blocd glucose levels
m Recognition of signs and symptoms of hypoglycaemia and hyperglycasmia
(-]
=]

Pathogenesis, complications, and diagnosis of diabeles mellitus
Impact of diabates mellitus on the provision of oral and dental care

Introduction

Glucose (C H, @) is a monosaccharide and serves as @ key source of energy for the
human body. Glucose is oxidised through a series of chemical reactions ro form adenc-
sine triphosphate (ATP). which serves to meet the energy needs of the cells. Firstly,
plucose breakdown in the eytoplasm, teemed glycolysis, produces pyruvare. Larer,
pyruvare is oxidised within the mitochondria chrough the tricarboxylic acid cycle w
yicld ATP from adenosine diphosphate (ADP). Carbon dioxide and warer are the
products of glicose merabolism. The brain tissue relies exclusively on glucose for irs
energy needs (obligiony use) and uses approximately 1 mg of glecose per kg minuee!,
rranslating inte 100-120g per day in a 70kg subjecr. Blood glucose concentration
below SO0mgdl™ may lead to hypoglycacmic shack.

Blood glucase concentration is regulated mainly by hormones secreted by the
pancreas. The pancreas is 3 mixed gland with both exocrine and endocrine funciions.

Fagerrianl F.J.p-#'mrnpﬁr Demiad Srwdents, Frst Edition. Ediced |.‘r_|. Kamiran Al and Elizabeth Prabhaloe.
£ 2019 John Wilsy & Sons Lid. Published 2019 by fohn Wiley & Sons Lud.
Companion webaire: wawwibeycom/gofalifphysiology
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The experine pancreas consists of acinar cells which
secrete pancreatic juice into the small intestine. The
endocrine pancreas (islets of Langerhans) secretes
insulin, glucagon, somaroestatin, and pancrearic pol-
ypepride (Figure 18.1) Blood Eiucus: levels are
reduced by insulin (primary hormone) and ro a
lesser exvent by somarostarin. Blood glucosc levels
are increased by glucagon, adrenaline, neradrena-
line, growth hormone, cortisol, and thyroxine.

Insulin

Irsulin is 2 small protein secrered by 8 cells which
constiute 60% of endocrine pancreas. Insulin is
composed of 51 amine acids arrnged as a dimer

with an A-chain and a B-chain linked rogether by
disulfide bonds.

Functions of Insulin

Insulin exerts impartant effects on carbolydrate,

protein, and far metabolism, and these are summi-
rised below:

* Carbolydrare metabalism: Insulin reduces blood
glucose level in a number of ways:
= Inecreased glucose uprake by almest all cells
of the body, specially musdes, adipose tissue,
and liver by increasing cell membrane permeabil-
ity to plucose



¢ Increased utilisation of glucose for energy pro-
duction (especially during exercise), sparing fats,
and prateins
¢ Increased stomge of plucose as glycogen in the liver
by acrivation of the cneyme glycogen synthetase
L R-I:l:hl':ﬂi Elumnc::gum,-sis in l|w 1iv¢:
# Increased uprake of glucose by the brain,
* Protein nretabolism: Insulin is a protcin-sparing
hermone and reduces hepatic gluconcogenesis and
alsa inereases protein synthesis.
* Far metabolism: Insulin reduces Far breakdown
and promotes storage of fat inte the adipose rissue
by converting farry acids into riglycerides.

Regulation of Insulin

[msulin secretion is stimulared mainly in response o
high blood glucose levels. Other stimulants include
the aming acids arginine and leucing keto acids; ace-
F}'Jl:ll-ﬂl‘ilu". hl.lrITu.'u'lc'ﬁ, snch as !_r.||,|<_'.|l=;u;|. ,x:ltclmcnr:i-
cotropic hormone (ACTH), growth hormone, and
comisol; and gastrointestinal trace (GIT) hormones,
such as gasrin, secretin, and cholecystokinin. Insulin
secretion is inhibired by steess-induced stimulation
of adrenaline, hypoxia, and hypothenmia,

Glucagon

Glucagon is a large polypeptide sccreted by o cells,
which constiture 25% of endocrine pancreas. It is a
physiological antagonist of insulin and increases
blood glucose levels.

Functions of Glucagon

Glucagon increases blood glucose concentration
by stimulating the breakdown of liver glycngn:n
(glycogenolysis)  and  increasing  the rae  of
gluconcogenesis in the liver.

Due & s hyperglycacmic actions, glucagon is
used 1o rrcan hypoglycacmia particulary if a patient
has a reduced consciousness level and is unable o
ingest sugary snacks or drinks.

Regulation of Glucagon

Glucagon secretlon is stimulared malnly in response
w low blood glucose levels. Other stimulants
include the amine acids alanine and arginine, £ adr-
energic stimulation (adrenaline and noradrenaline),
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and cholecystokinin. Glucagon secretion is inhib-
ited by insulin, somarostatin, increased frry acids,
kerones, and urca and alpha adrenergie (neural)
stimulation.

Diabetes Mellitus

Diaberes miellitus (DM) is a group of metabalic dis-
orders characterised by chronic hyperglycaemia. DM
ix one of the most common diseases worldwide and
WHO ﬂgurcs show that the prevalence of diaberics
has risen from 108 million in 1980 t0 422 million in
2014, Any increase in bloed glucose levels above the
renal threshold (= 10mmoll! or 180mgdl”) resules
in a failure of reabsarption of glucose from the renal
rubnles leading wo simoric divresis, which causes loss
ol"_‘qlu:m and water in the urine. Therefore, diaberes
frequently presents with polyuria (excessive urina-
tion), palpdfipira (increase thirst due o dehydradion),
and polyphagia (increased hunger).

DM s rradiitionally classified into two main types:

= Type 1 diaberes has an ausimmune basis and
leads to the destruction of B cells in the pancreas,
rsulting in a lack of insulin production. Treatment
of type 1 DM requires insulin, hence the old werm
inssilin-eep encdene diabetes.

* Type 2 cliabetes i characterised by relative
deficiency of insulin resulding from either reduced
prod.u-:ii':}m or resistance 1o insulin. C'i:cs'tl::r ancl sed-
entary lifestyle are risk factors. Type 2 DM can be
managed inirially with diet control and lifescyle
changes. However, long-term management often
requires orl hypoglycaemics with or without insulin.

Impaired ghicose rolerance (1GT) is an incermedi-
ate condition, often referred to as pre-dizberer, and
poses a high risk of progressing to type 2 diabetes,

Gestational diaberes is seen during pregnancy due
to high blood glucose levels.

Secondary cawses of diabetes include endocrine
disorders  (hyperpituitarism, Cushing discase,
pheochromocytoma), pancreatic  discase  (eystic
fibrosis, haemochromarosis, chronic pancreatitis,
pancreatectomy), liver cirthosis, and drugs (e.g. cor-
ticosteroids), ctc.

The diagnosis of diabetes in based on measure-
menes of blood glucose levels, asshows in Table 15.1.

Long-term  monitoring of blood glucose
contral may be dome by measuring the levels
of gl].'\cm:yian:{] Iw.—mnglal'riu (HbAle), which
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Table 18.1 Plasma (s

Plasma glucose test Normal

Random. Below 111 mmeail~
Below 200mgdl!

Fasting Below 6.1 mmall-'
Below 108 mgdl-!

Twe i ‘Bolow T8 mmoll-

hours pnlt-prunﬂll Balow 140mgd|-*

shows the blood glucose levels over the last 2-3
months based on the following eriteria;

= Mormal: Below 42 mmol mol™! (6.096)
* Prediaberes: 4247 mmol mal ! {6.0-6.4%)
* Diabetes: 48 mmol mol™ (6.5% or more).

DM may present with a wide varicty of symproms
and complications. Apan from polyuria, polydipsia,
and polyphagia, DM may present acutely with dia-
betic ketoacidasis. Mainly seen in type 1 DM, ketoac-
idosis results from high bload glucose levels, leading
to the production of ketone bodies and merabalic
acidosis and presenis with acerone breath, nausca,
vomiting, dehydration, and hypotension. [Funtreated,
it may progress to coma. Other preseniations of DM
may include weight loss, muscle cramps, weakness,
farigue, blurred vision, and skin infections.

Poorly controlled DM leads 1o major long-rerm
complications with significant increase in morbidity
and morality. Blood vessels and nerves are the major
rarger of DM. According ta the WHO, DM is a
nujor cause of blind ness, kidney fallure, heart atacks,
stroke, lower limb amputation, and premarture death.

Blood vessel damage may be related 1o advanced
glycation end-products (AGEs) which resule from
glycation of fats and proteins through exposure o
glucose. Blood vessel damage may involve scveral
Organ systems:

= Retiwa: DM leads 1o retinopathy with gradual
vision loss and blindness.

= Kidneys: DM leads vo nephropathy with prorein
loss and eventually chronic renal disease, often war-
ranting renal dialysis and rransplant,

= Carddiovascular system: DM increase atherosclero-
sis, increasing the risk of ischacmic hearr diseasc,
hypertension. and stroke.

Damage 1o the nerves (neuropathy) may lead
1o pain, aliered or diminished sensaion, muscle
wasting, and dyshunction of the auronomic nervous

Prediabates Digbates
MIA 111 mmal 1™ or mom
200 mgdl' of mare

B, 1=6.8 mmel I 7.0mmoli-! ormarne

108125 mgdi-! 126mgdl- or mode
FB-11.0mmoli-! 114 mirnol 1! of mone
140=199 mgdl 200 mg di*" or mon

system (postural hypotension, urinary incontinence,
and impotence).

Meurovascular damage may also lead 1o chrenic
foor ulcers and gangrenc, increasing the risk of foos/
limb ampurarion.

Diabetes can be treared and s consequenoes
avoided or delayed with dictary control, |:-!l-5-"='u'-1|
exXercise, :’!:ug.s. and ||.'_|_-|.|:|'|_'|r 5|.r|.-.'||i|n|; and treat-
ment for complications. Traditionally, manage
ment of DM is based on oral hypoglycacmic drugs,
insulin, and homeopathic Maoderni
trearments include pancreatic :r.1r=‘-|1i:lri':'k and stem
cell therapy.

Poorly controlled diabetics are ar risk from several
m111p|ic:.uimm which may irnE\ﬂ.L'I: deneal treatment
and aral healch:

remedics,

* Hypoplycaemiz is the most common medical
CIMErgency encountered in diabetics during denal
appointments. The causes include missed, ing ade-
quare meals; overdose or inappropriate regimen of
drugs, such as insulin; malabsorption; and alcohol
intake. The dental professional must be able 1o rec-
ognise hypopglycaemia (Table 18.2). confirm blood
glucose levels, and provide appropriate treatment o
restore the blood glucose levels.

Chronie hyperglycacmia usually does not present
as an emergency in dental practice bur may lead 10
a number of oral manifestations:

* Perfodontal (pan)  disease is more  common
amongst diabetics and may resule in premarure
tooth loss. There is emerging evidence that perio-
dontal disease may also interfere with blood glucose
control in diabetics, and its trearment may help
improve blood glucose contral.

* Xerostomiz may result from dehydration with its
atrendant complicarions (sec Scerion 10,2.3.1).

» Delayeed wound bealing. such as after a tooth

CXLFACTiON.



Table 18.2 Fealures of hypoohycaemiaand yperghcaamis

Chapter 1g:

Assessment Hypoglycaemia
Causesi Missed meals, insulin overdosa, Hperglycaemia
unusual exarcise, matabsorplion Missed, insybfician insufin,
Onset Rapid onset 9lucoss intake
rasantation Irritabiiit et ot
y and aggrassion Dt
Moist swaaly skin N s and disorientation
Pulse full and rapid P:T“ :ﬂ d:r miouth
f ak and rapid
Dwsarthria Aoetons breaty: sk
Mormal er high blood pressur Hypolansian
Headacha; naursogical s Abderminal pain
Marmal or shallow breathing Hypenvansilation
Loss of conschousness: (rapsd) Loss of consciousness (slow)
Glucose Blood sugar bow Biood sugar high
measuraments [Ustally < 3.0mmealt! (54 mgdi)] [Usually > 20mmol 1= (360mgadl)]
Urine sugar absent Uring sugar wsually prasont

s Olpportupietic imfeceions. One of the most com-
mon aral infection is caused by the I-IH'IE.‘.'I-'IS Camlfel.
Several forms of oral cordfdiasis may be seen.
Dreninire sore |:|||,,~|.l!||. [ciimnir; a'lul-'fl-ﬂ'lic L'-l“"-“':ii'ﬂji‘j
is sccn in paticnts wearing full upper dentures and is
characterised by crythema of the palate, mirroring
the denture base. Angular cheilitis causes eracking
and Bleeding around the corners of the mouth and
may be causes by candidal andfor staphylococcal
infeciion In patients wearing full dentures with
reduced vertical dimenslons.

Lastly, dental care in diabetics may be complicared
by ather coexisting complications, such as cardiowvas-
cular, renal, and neurclogical disease(s) requiring
additional  precautions in consulration with the
patient’s physicians.

Reference
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CHAPTER 19

Regulation of Blood
Calcium

Kamran Ali

Key Topics

= Overview of the role of calcium in the human body
m Regulation of blood calcium level

Learning Objectives

To demonstrate an understanding of the;

= Distribution of calcium in mineralised tissues and body fluids

= Role of vitamin D, parathormone, and calecitonin in calcium homeostasis

s Common disorders of calcium metabelism and their relevance to the provision of
oral carns

Introduction

Calcium is an cssential mineral which provides structural integrity to mineralised
tissues of the bedy (bones and teeth) and also plays a key role ina number of important
physiological processes in the body. Calcium ions in extracellular and cellular Auids
are essential to 2 host of biochemical processes, induding neuromuscular excirabiling
hormonal sceretion (second messenger), enzymatic regulation, blood coagulation, and
CXOCYTOSIS,

Muost of the calcium in the body (99%) is stored in the bones and testhiin the form
of hydroxyapative. The bone mass of the body is mainly composed of cortical bone
(B0%), and only 20% is trabecular bone. However, trabecular bone has Gve times che
surface arca and is more imporcanc o calcium turnover.

Feipseral P‘.l!pur'a.erﬁr Pemyeaf Seniclerrre, Firse Edivion. Ediced b].- Kamran Al and Elizsbeth Prabhakas,
© 2019 Jolin Wiley 8 Sons Led. Published 2019 by John Wiley & Sons Led.
Companian wehsite: wwowwiley.com/pofalif physiology
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Plasrma calcium concentration is regulated narrowly
and normally ranges from 2.2 1o 2.6 mmol 1 (average
24 mmol 1), There are three definable fractions of
ealeium in the plasma;

* Jfonised ealcium 50% 1.2 mmol !
= This is the plysiologically refevant fraction of
calcium and contributes to most actions of
calcium.

* Protein-bound calcivm 40% (1.0 mmaol ")
= This fraction is primarily bound ro albumin
(909%); the remainder is bound te globulins. The
binding of calcium ro albumin is pH dependent.
Acure alkalosis inereases calcium binding ro
protein and decreases ionised calcium.

= Compleved tosernms conitenss 109 (0.2 mmaol 1Y)
@ This fraction is complexed with citrate and

phosphare.

Ferscelfuler calefiom is stored in the mitochondria
and the endoplasmic reticulum and & approsimancly
1/1000th of its concentration in the extracellular fluids.

Three pr-inrip:] hormones regulare calcium and
three organs play an important function in calcium
homeostasis, Parathyroid hormone (PTH), vitamin
D, and calcitonin regulate clcium resorprion, absorp-
fion, and exeretion from the bone, intestine, and
the kidneys respectivedy. In addition, many ather
hormones affeer bane formation and resorption.

Disorders of Calcium

Hypercalcaemia

Raised levels of plasma ealeium (> 2.6mmaoll)
may be asociated with alkalosis, hyperparathy-
roidism, bone cancer, viamin D oxicity, Pagets
discase, hypothyroidism, and medications (c.g.
lithium and hydrechlorathiazide).

Hypercalcasmia leads o reduced membrane
permeability 1o sodium and inhibics depolarisation.
Concentrations above 12mEql"" cause muscular
weakness, depressed reflexes, and cardiac arrhyth-
mias, Cardiac arrest and coma may be seen in scvere
cases. Orther symproms may be related o the

primary cause of hypercalcaemia (sce Sections
19.4.4 and 19.5.2.1.1).

Hypocalcaamia

Common causes of low plasma calcium (= 2.1 mmel 1)
include vitamin [ deficiency, hypoparathyroidism,

diarrhoea, pregnancy, lactation, kidney failure,

hyperthyroidism, and medications (e.g. overdase of
caleium channel blockers and bisphosphonates).

Hypoealcaemia results in increased membiane
permeability to sodium, which leads . nerve
hyperexcirability, causing neuromuseular hyperes-
cirability; very low levels result in rerany, laryngo-
spasm, and death, Twe classic signs assogiated with
hypocalcaemia include:

= Troussean’s sign= Inflating the blood pressure cufl
to a level above systolic pressure far three minutes
resulis in carpopedal spasm (a painful cramp in the
muscles of hands and feec). Thiz can be observed
before the development of hyperreflexia and retany
as a result of hypocaleacmia.

= Chuostels sign: Tapping the area innervated by the
facial nerve leads o wirching of facial muscles,

Somerimes, anxicry associaved  with denal
appointments may result in a fypersensslation -
dronte characrerised by quick, shallow breaths frosmm
the rop of the chest. These quick, shallow bacaths
reduce the level of carbon dioxide lil’w.} in the
blood. This reduced level of carbon dioxide causes
the arteries to constrict, reducing the flow of blood
throughout the body. When this occurs, our brain
and |:’!|:}{|.:,.- will g_'xpg_'r':n;'"l_'c a MII.IIIIII..AEIC of OXYECN.
Moreover, reduced levels of carbon dioxide in the
blood iy lead 1o T[.'.hl,rililli:ll’}' alkalosis, n.'.*lliliil'lg in
increased binding of calcium ro plasma prowins
with resultant hypocaleacmia. The affecred subject
may experience tingling in the fingers and rocs
along with painful muscle spasm, Rebreathing with
the hands covering the nostrils mises Bloed carbon
dioxide levels and may help reverse the symproms.

Vitamin D

Humans may acquire vitamin D (cholecalciferol)
from dictary sources as well as de nowo synthesis
from the activation of the vitamin [ precursor in
the skin by absorprion of ultravialer radiation, The
keratinocytes  store  7-dehydrocholesteral  which
is acrivated by ultravioler radiation 1o form chale-
calciferal (Figure 19.1).

Witamin [ fself ks inactive and requires modi-
fication to 1,25-dihydroxy cholecaleiferaf [1.25-
(OH) -1, The first hydroxylation eccurs in the liver,
}'iclding 25 HCC. The second hydrosgelation occurs in
the kidney {stimubated by parathormond) larming
125-(OH),-D. Vitamin D, afrer s activation ©
the hormone 1,25-(OH),-D, is a principal regularor of
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Vitamin D Activation

Sunlight

Dielary Sources
- Figh
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- Chaase
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Low levels of plazma Calcium
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X High levels al plasma Calcium
1.25-Dihydraxy Cholecalcitarcd

| \

Increased absomption of Calcium

Increase in plasma Calcium

Figure 19.1 Staps in the activation of vitamin D. Sowrce: Courlesy of Melina 5.Y. Kam.
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calcium. Evidence also sugpests thar keratinogyres in
the skin are not only capable of synihesising cholecaldif-
erol as described above but can also lead to its activation
int 1,25-(0H),-Dindependently from the kidneys.
|-15-{GH}1-D is ot considered a classic hor-
mone, as it is not secreted by an endocrine gland.
MNevertheless, its action is similar 1o that of hormones
as it aces on distant rarger eells 1o evokie responscs
after binding ro high-affinity receprors. It regulares
plasma calcium by the principal mechanisms:

= Ir increases caleium absorption from inrestinal
epithelium by stimulating several caleium-binding
proteins (as shown in Figure 19.1).

* It regulares bone formation. Osieoblasts, but
not osteoclasts, have vieamin D receptors, 1,25-
(OH)-D acts on osteoblasts, which produce a
paracrine signal thar acrivates ostcoclasts o resorh
Ca™ from the bone matrix. It also stimulates osten-
cytic nstenlysis,

Disorders of Vitamin D

Hypovitaminosis D

Predonged deficicncy of dictary vitamin [, intesti-
nal malabsorption. and/or reduced exposure 1o sun-
light may lead to excess osteoid accumulation from
repression of osteoblastic collagen synehesis. The
softening of bones (and associated deformities) due
to vitamin D deficiency is referred to as rickers in
children and siteoraleeia in adulis, Although vira-
min [ is widely available, a deficiency of vicamin D
remains a problem for children and adults in under-
developed couniries as well as amongst the elderly
in developed countries.

Rickets

Rickers affeets ehildren and is characterised by inad-
equately mineralised bones, causing softening and
weakening of bones, Bowed legs and deformitics of
the pelvis, skull, and rib cage are common. Same
characteristic features of rickets include:

* craniorabes (thin, deformed shull)
* rickery rosary (beading at costochondral junctions)
* Harriions sufews (groove ar the lower end of the

rib cape).
Deentition may also show sipns of hypomineralizadon,

Osteomalacia

Osreomalacia affects adulis and often leads 1o sof
tened, inadequately mineralised bones, Deformitics
of the spine, bowing of the legs, musculoskeletal
pain, and increased risk of fractures are common.

Hypervitaminosis D

Excess of vitamin [ is rare and usually related toa
high intake of vitamin D supplements. It is charac-
terised by Fearures of hypercaleaemia with gastroin
restimal tract symproms {anorexia, nawsea, vomiting,
and diarchoea), polyuria, palydipsia, insomnia, and
nervousness.  Long-term  complications include
mierastaric ealeifications and risk of renal failure,

Parathormone

Parathyroid hormone (PTH) is produced by small
parathyroid glands located in the neck on the poste-
rior aspect of the thyroid pland. Humans usually have
four parathyroid glands with two glands locared bila-
erally on the superior and Inferior thyroid lobes.
The ewo superior glands arise from the epithelial
lining of the fourth pharyngeal pouch, and the twe
inferior glands arise fram the third pouch before
occupying their final position. The parathyroid
glands share their blood supply and lymphatic
drainage with the thyreid gland (Figure 19.2].

Actions of the PTH

The PTH increases plasma caleium and decreases
plasma phosphate levels by several mechanisms,
including:

* Acts directly on the bones o stimulare Ca™
TESOrpPLicn.

* Acts dircctly on the kidney o simubie Ca'™
reabsorpion in distal renal wbuoles and o inhib
reabsorption of phosphate (stimulating its exeretion).
» Stimulates 1,25-(0OH) -D synthesis and  indi-
rectly enhances the absorprion of calcium from the
inrestine.

Regulation of PTH

Plasma calcium regulates PTH secretion through a
negative feedback. Maximum secretion of FTH
occurs ar plasma Ca®* below 3.5mgdl™ within
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seconds (via cyelic adenosine monophosphate, or
CAMP). At Ca** above 5.5mgdl”, PTH secretion is
maximally inhibited. Plasma phosphare levels have
no direct effect on PTH secretion. |.'25-{DH]':-D
inhibirs PTH gene expression, providing another
bevel of Feedback coneral of PTH,

Disorders of Parathyroid Gland

Hyperparathyroidism

= Primary: Caused by parathyroid mmours;
leads ro increased levels of serum PTH and
caleium,
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* Secondary: Results from chronie renal failure and
mialabsorption of vicamin . Ir is characeerised by
reduced serum calcium and raised PTH levels,

= Tmiary.' Resules from adenoma formation in the
parathyraids due o continueus stimulagion of PTH
sccretion in secondary form.

Hyperparathyroidism Is asympromaric in 50% of
cases, Generalised  decaleificition of the bones
may result from calcium resorption and sometimes
leads to lyric lesions in the bone, simulating a cyst.
Hyperealeaemia also increases the risk of nephrocal-
«cinosis and renal stones, which may in mrn affec the
renal funceion, Caleification of soft tisues, comea,
and blood vessels may also be seen. Other manifesca-
rions include dyspepsia, prurinus, myopathy, cardiac
arrhythmias, and psychiatric disorders.
Hyperparathyroidism  may lead 10 jaw bone
resorption, resulting in generalised bone rarcfaction
and loss of lamina dura, Lytic bone lesions (usually
multiple] may be identified on routine radiographs.
Microscopically, these lesions display multinucleared
giant cells and are ofien misinterpreted as jaw cysis.

Hypoparathyroidism

* Popgperative: Develops as a complication of thy-
roidectomy in up to 1% of cases.

= [Iufantile: May be caused by maternal deficiency
of PTH or calcium and is wsually cransicnr.
However, when associared with thymic aplasia
(DiGeorge syndrome), it is permanent.

* [digparhic: Mo known cause but may possibly
result from autoimmune damage and can develop at
any age.

* Preudphrypoparatlyraidisn: Congenital variery due
to tissue resistance o PTH (defective post-recepror
mechanism). Characrerised by dlevared PTH; men-
wal retardation; resistance o TSH, glucagon and
gonadotropins: and skeleral abnormalitics, such as
small starure; and shore fourth and fifth meatarsals
and metacarpals,

* Prendo-prendolypoparathyroidisn: Skeletal abnor-
nralities as with pseudo type bur normal serum
calcium.

Hypoparathyroidism may present with signs of
hypocalcaemia, which have been discussed carlier.
In addition, have several manilestations including
epilepsy. myopathy, archythmias, teany, mental

handicap, and psychiatric problems. Ir may also be
associated with hypoadrenocorticism and disbetes
mellinus (DM).

Oral manifestations may include enamel hypo-
plasia, shorened denal roots, chronic muco-
cutaneous candidiasis il'ung;l[ infection), and Facial
paracsthesia,

Calcitonin

Calcitonin is synthesised and secreted by parafolli-
cular cells of the thyroid gland which can be distin-
guished from follicular cells of the thyroid gland
by their large size, pale eyroplasm. and smaller
SEC rcmry gr-.n'mlu,-s.

Actlons of Calcitonin

Calcitonin acts to decrease plasma calciwm levels
and is a physiological anmgonise w PTH with
regard o calcium homeostasis,

Regulation of Calcitonin

The major stimulus of calcitonin sccretion is a rise
in plasma Ca®* levels. Ir targers the osteoclasts and
acts o inactivate osrcockists, which resulis in the
rapid inhibition of bone resorprion, However, PTH
and vitamin D3 regulation dominate in the overall
control serum caleium. Chronie hypersecretion of
calcitonin is not associated with hypocaleacmia, and
nor does the removal of |_b,1r.|!-u1:|'if_'|!|:lr cells case
hypercalcaemia. Perhaps calcitonin plays a more
important role in regulating bone remodelling than
in calcium homeostasis.
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CHAPTER 20
Reproductive
Hormones

and Pregnancy

Theresa Compeon and Kamran Ali

Key Topics

m Organisation of the male and female repreductive systems
m Overview of the female reproductive cycle and pregnancy

Learning Objectives

To demonsirate an understanding of the:
m Structure of male and female reproductive organs
Role of hormones in ovarian cycle and pregnancy

Physialogical changes in pregnancy
Impact of pregnancy on tha provision of dental care

EEn

Organisation of the Reproductive Tract

The female reproductive tract consists of the uterus, cervix, fallopian (irerine) wbes,
ovaries, vagina, and external geniralia {Figure 20.1). Arising from fusion of the
paramesonephic ducts, the uterus is a muscular pear-shaped organ thar conrains and
protects the develaping foerus, while the cervix (the neck of the uterus) has an
imparant rele in reproduction of proteciing the developing foetus from infection and
premature delivery: Developing from the peritoncum, the ovaries are made up of the
ova [developing gametes) and the supporting theea and granulas cells. These produce
hormones under che influence of the hypothalamic—pitiarny: axis. The fllopian whes
collect the mature ovem and transpore it to the uterus.

The male reproductive tract comprises the penis and restes. The restes are the site
af development of the sperm. and have equivalent supporting cells to the theca and
granulosa eclls in the female — the leydig and sereoli cells. Erccrion of the penis is
required for delivery of sperm adjacent ro the cervix, Approximartely 99% of sperm

Frerfal %:m.ﬁ:x‘;ﬁf Dererarf Sexerers, Firsg Edivion. Edived bj Bamran Ali and Elizabeth Prabhakesr,
£ 2019 John Wikey & Sans Lid, Published 2019 by John Wiley & Sans Lud.
Campanion wehsite: wwwnil o comigolalifphysiology
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Figure 20.1 Female repreductive system (posterior view). Sewrce: Tortora and Derrickson (2013}
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are caughr in the cervix or cervical mucous, with
1% making it into the uterus. Sperm can survive
for approximarely seven days in the female repro-
ductive tracr.

Monthly Ovarian Cycle

During the rrpmdurtiw: years, the female repro-
ductive system is prepared for coneeprion and preg-
nancy. Each monthly cycle in the female lasts for
approximatcly 28 days and involves physical
changes in the female reproductive tract under the
influence of hormones. The ponadotropic hor-
menes from the anterior pituitary lead to the devel-
opment of new follicles in the ovaries (Follicular
pl‘la.sr.}. The SECTETOTY cells of the owam {cgg}
develop imio corpus lureum, which secreres the
female hormones, IF the ovum meets a sperm, it
may become fertilised and iniriare pregnancy. 1F the
ovum is not ferilised, the female hormone levels
decrease, leading o degencration of the corpus
lutcum over the remaining 14 days (lureal phase),
followed by menstruation,

Hormonal Secretions by
the Hypothalamic—Pituitary Axis

Events in the ovary and endomerrium are under the
central control of hormones from the Jl}'pﬂlh-‘lluﬂllli
and pituitary in the brain, as shown in Figure 20.2,
Gonadotrophin-releasing hormone produced from
the hypothalamus initiates the release of fwreinising
harmone (LHY and follicle-stimudating bhormone (FSH)
from the pituitary. These stimulare cells in the ovary
to produce oestrogen (ocstradiol) and progesrerone,
which exerr their effecs on the endometrium
{and other targets). Activin produced in the ovary
potentiates the effecr of FSH, whereas nfibin,
another hormone, du‘mucguiu.tcs FSH action and
exerts negative feedback on the pimuiary:

Ovulation

Mormally, a single ovum is released from one
af the ovaries cach menth. Multiple follicles
develop in the ovary, cach onc consisting of the
ovum, surrounding granulosa cells, and theea cells.
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A successful  follicle, containing 2 Auid-filled
amrumy, is sclected For ovalation and protrudes
from the surface of the ovary. The remaining folli-
cles degenerare. LH stimulares theca cells wo pro-
duce androgens from cholesterol via steroidogenesis.
Granulosa cells proliferarc in response wo FSH, and
these convere the androgens from the theea cells
ing oestrogen. As the evum rupures ouc of the
avary, it is collecred by the fimbriae of che fallopian
tube. After ovulation, the cpg sUrvives for just one
day. The femaining gml:u!usn cells form the corpus
lutenm = a part of the ovary thar continues to pro-
duce oestrogen and progesterone, I fernilisation
occurs, the eorpus luteum will persist under the

action of human chorionic genadotrophin (hCG),
a hormone P-md uced by the d.cvclu-pil‘lg tropho-
blase. IF fertilisation does not occur rhe corpus
luteum will degenerare, and the cycle will begin
again, A protein in sperm, catsper, can detect pro-
pesterone produced by the corpus luteum, which in
wien, ingreases motility of the sperms il, allowing
it to move towards the released ovum.

Transport of Ovum

Eggs are collecied by the fmbriac of the fallopian
tubes via chemonxis. Ciliated cells facilicate interac=
tions between the egg and the fallopian tibe and allow
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the propulsion of the egg towards the urerus. Peg cells
in the fullopian wbe produce fluid thar supports the
growing embryo and enables sperm survival, with the
majority of ferilisations mking place here.

Fertilisation

In mieeting 2 speem. the e may become ferrilissd. The
head of the sperm, ar acrosome, contains acrosin and
hyaluronidase eneymes o Ficilitre passage through the
corona radiara of the egp (outer pramilosa cells) and
permention of the zona pellucida, the thick aurer layer
of the ovum, to allow fusion of the two gameres.
Once complered, cell division begins in owo-cell,
four-cell stages, unil' a morula (berry appearance)
stage is reached. Disintegration of the zona pellucida
permits the entry of Buid ino the centre of the bundle
of cells, crearing a blastocyst. The cells then specialise
10 form an embryoblase, which becomes the develop-
ing embryo, and the mophoblasr, which invades the
endometrium 1o beeome the developing placenia.

Uterus and Endometrium

The urerus is the site for development of an embryo
and consists of three layers: the inner emabrmetrinm,
which is shed during menstruation; the wrypemerrinm
or muscle layer, which contractz in labourand at men-
sew; and the outer perfmetrivm, which provides a peri-
tonel covering. In the menstrual cycle the lining of
the endometrium thickens and sheds in relation wo the
eoncentration of the oestrogen and progesterone,

Table 201 Role of placonal hormone

Qestrogen appears to exert a proliferasive effcct
on endometrial rissues, with five days of oestropenic
cxposure producing tissue thick cnough for implan-
tation, Progesterone halis proliferation and changes
the Funcrionality of endomerrial stromal cells o
accumulare glycogen and produce cytokines and
extracellular marrix proreins, a process called decrd-
rafigation. Decidualisation scems to be imponant in
protecting the mother from trophoblast invasion.
and in the development of a healthy pregnancy.

Pregnancy

As the trophoblast embeds into the endomerrinm, it
produces a number of hormones thar support and
establish. the developing pregnancy, taking over
fro m l_hl: COFpus ||.|I;l;l:111 '[ Fable 20.1 | ¥ [mitia ”}'. hCG
enables invasion of the mophoblast and is the one
thar pregnancy tests derecr. It has been implicated
in morning sickness and the polyuria thar wemen
expericnce. Oestrogen produced by the foplacen-
tal unit results in ANZIOECNCsis of urerine vessels, and
myometrial growth. Progesterone has been impli-
cated in immune tolerance and prevents rejection of
the foctus by the matemnal immune system.

Labour and Contractions

During, libour, oestrogen and progesterons’s actions
on the oxytocin recepror are antagonistic = with ocs-
trogen Promoting contmctions, and progesterone pre-
venting them, and prolonging gestation. Clestrogen

N pneg nancy.

Hermones produced by placenta Raole

hCG Prolongs the corpus luteum, which in furn produces oestrogen and
pragesterona to suppor the pregnancy

Progesterone Prevention of contraction, smooth muscle relaxation, immanity

Qeslrogen Growth of lissues, gap junclions, pramaotes contractions during
labour

Relaxing Softaning of cervix

Human placental lactogan” Acts as an anfi-insulin, and increases the amount of circulating

Somalomammotropin glucose available for the oelus.

Cortcotrephin-releasing hormone

Enables foetus to produce cortisol, which stimulates type 2

preumocyles 1o produce surfactant, readying the foetal lungs for

the first breath
Contractions in labour, let down redlex

Oytacin
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promotes an increase in the number of gap juncrions
berween myometrial cells, allowing waves of contrac-
tion o spread casily. Progesterone acis as a smooth
miuscle relaxant, not only on the urerus bur also on
ather smooth muscle, which has conscquences in the
urinary tract, gastrointestinal trcr, and vessels,

Physioclogic Changes During
Pregnancy

Systemic '|.111}'S'IIJ'|UE:'K:I.| changes in pregnancy give an
u:=£|r.'rsr.1||din;_:uI'||u.- |_H,||4_'nri.|| clinical E:mhlcrrm“'ilh
pregnancy. including likely risk facrors for morality,
such as sepsis and venous thromboembolism.

Respiratory Changes During
Pregnancy

rln'.g“:““;.-_'f. iI'H:I'I:.'I:\.L'.\ |EI|..' l?:f.}'_l_:l;ll :ﬂ:l:ll.l.iri.'ll'll.'rlrh h"]'
approximarely 15%. Hypoxacmia may kead to breath-
lessness, particularly in the supine position. This is
compensated |.::,' hyperventilation and I.H:f'u\’Jﬁj dis-
placement of the diaphragm by 2—4 cm. Nevertheless,
breathlessness Lil.ll:irt]_{ pregnancy must be i|1'.w_';.t:ig:'|.[n{
ta ruile out a cardiac cause. Pregnant women may find
dental trearment fn 4 supine position particularly
difficult in the third rimesrer.

Cardiovascular Changes During
Pregnancy

During pregnancy, there s a 20-30% increse in
hearr rate as well as a 20-50% increase in stroke vol-
ume. As a result, the cardiac outpur increases by
I0-500% secondary o volume. Moreover, the periph-
cral vascular sesistance is decreased during pregnancy:
awing to peripheral vasodilazavion. Thercfore, preg-
fant women receiving dental treatment in a supine
position are susceprible o postural  hypotension
when standing up. which may lead to fainting,
Peegnancy leads ro an cnormouns growth of the
uterus, which may increase from 50 g pre-pregnancy
to 1000 g ar rerm. This progressively decreases the
space for other abdominal organs. During the thied
mrimester, the uterus may compress the inferior vena
cava and aorta when the subjecr is supine. This may
lead 10 a reduction in cardiac output as well as bloed
pressure. Placing the subsjecr ina 5=15"xile on the
left side in the denral chair may relieve venous

compressicn and improve circulation during denal
treatment. IF symptoms are not relieved, a full lefi
lateral pasition may be required.

Gastrointestinal Tract

Enlargement of the urerus causes displacement of
the stomach towards the spleen and liver, raising
the intragasiric  pressure. Progesterone  inhibics
the hormone motiling, which decreases che lower
oesophageal sphincter tone and also slows gastric
emprying. These changes lead to pyrosis (heartburn),
regurgitation, gastro-ocsophageal reflux disease, and
hyperemesis. Surgery on pregnant women under
general anacsthesia is asociated with increased risk
of aspiration, which can be faral.

Gastro-ocsophageal reflux disease during preg-
nancy can lead to marked tooth surface loss due to
denral erosion, Furthermore, women may also expe-
rience increased sugar cravings, increasing the risk
of worh decay.

Oral tissues are sensitive 1o hormones and rich in
reCeprors Ilclr Mslrugcu :|:|1|:i PrEoEesICTOn., which can
lead o localised overgrowth of gingival tisucs,
wermed pregenisc graneloins (pregnancy epalis). Such
lesions are more likely to be observed in women
with poor oral hygiene (as shown in Figure 20.3).

Figure 2003 A pyogenic gramuioma in the upper right
anferor region in a 23-year-old pregnani lady.
Source: Courfesy of Professor K. Ataullah.
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Pfl"lo-dﬂnlﬂ] disease during pregnancy is associaced
with pre-term birth as well as low birthweight,

Genitourinary System
The actions of hCG already described on the cardi-

ovascular system also have an effect on other organs,
sueh as the kidneys. The rate of blood flow through
the kidnecy governs the filtration: rare, so if blood
flow increases, the glomerular filtration rate docs
o — by up o 60-70% in pregnancy, leading o
women complaining of polyuria from six weeks,
Dilaration of the urcter may result from compres-
sion from the enlarging urerus and hyporonia due
o progesteronce. This leads o urinary stasis which
accounts for an increased risk of urinary tract infee-

tions during pregnancy.

Haematologic System

Pregnancy is associated with an up o 20% increase
in red cell mass and a 25-50% increase in blood
volume compared o non-pregnant women by late
pregnancy. The disproportionate increase in blood
volume results in haemodilution and physiologic
anaemia reducing the haematoerit to less than 40%
Ur tj'lr On-pregnant \'atuc.

Pregnancy is also associated with an increase in dot-
ting factors and & decrease in fibrinolytic acrivity, pro-
ducinga hypercoagulable state. Moreover, venous stasis
may result from the compression of inferior vena cava
and iliac veins by the gravid uterus. These aforemen-
tioned changes increase the risk of thromboembolism
by up 1o fivefold. Pulmonary embolism from deep
venous thrombosis has a high risk of sudden death.

Other Considerations

Marernal infections and nutritional deficiencies
during pregnancy may lead to adverse effects on the
develaping dentition of the foctus, including enamel

hypoplasia.

Elective dental treatment should be avoided
during pregnancy, especially during the first trimes-
ter, owing to the porcntial risk of miscarriage,
Furchermore, as it is a period of organogencsis. the
developing embryo is particularly vulnerable w
harmful effects of drugs. Thus, iF dental reatment is
required, it is best provided during the second
frimester.

Drugs routinely prescribed during dental great-
ment should be re-evaluated during pregnancy
and lactation for potential risks to the mother
and foewusinewborn. Local anacsthetics may be
administered during pregnancy, if indicated.
However, the dose must be kepr to a minimum
and aspiration is mandatory 1o avoid intravaseu-
lar injections and consequent systemic roxicity.
Analgesics and antibioties should also be used
only when absalutely essential. Use of terracyeline
antibiorics during pregnancy or lacration may
lead 1o permancng f‘.t.lil:lirlg of the weeth in the
foerus/newborn.

Reference

Tortora, G.). and Derrickson, B {2003}, Privcipler of
Anaromy and Pleiology. Floboken, N]: Wiley.

Further Reading

Hall, LE. (2015). Chapters 82 and B3, In: Gupron and
Hail Textbook of Medical Plosivlogy, 13c. Philadelphia:
Elsevicr,

Hasudungan, A. (2018). Female reproductive sysiem:
Menstrual cycle, hormones and regulation, haeps:/V
www.ymu:ubc,cmnfw*[cll:’vwl__:uvi:-EEN Mus [.1!.'#.'{!-1#4-‘
1 May 2018}



PART IX

Nervous System




181
CHAPTER 21

Central Nervous
System

Elizabeth Prabbalar and Kamran Alf

Introduction

The nervous system (NS} is a rapid communication system which controls the
biological processes in the body. It serves as a processing centre for the integration of
sensory, motor, and visceral funcrion as well as higher-order funcrions such as emation,
thoughr, learning, memory, and intelligence.

The NS is composed of rwo main rypes of cells: wesrons and menraglia. Meurons are
excitable cells invalved in the reception and conduction of nerve signals (Chaprer 2),
The sccond type are the non-excitable supporting cells collectively known as searoglial
cefls, The lacter include: assrecyrer, which are star-shaped cells involved in the transpart
of neurotransmitrers; offgadendrocytes, which produce the myelin sheath for neurons in
the brain and spinal cord (the myelin sheath for peripheral neurons is provided by
Schwann cclls); miicraglia, which have a phagocytic function; and egeadymal cells,
which line the ventricles of the brain.

The funcricral unic of the N5 is the mewrad netivork (com posed ofindividual neurons),
because even the most basic functions require a circuir of neurons. An stimated 86-100
billien neurons link rogether o form extensive and intricate neeworks, which converge
and diverge into producing myriad possible signalling pachways.

Divisions of the Nervous System

The N5 can be divided into the central nervous system (CNS) and the peripheral
nervous system (PNS). The CHS comprises the brain and spinal cord and the PMNS
comprises all nervous tissue lying ourside the CNS. These indude the cranial and
spinal nerves, emanating from the spinal cord, autonomic ganglia, enteric plexuses,
and SENSOrY receprors in the skin (Figure 21.1).

Eivererful H.-Fn%ﬁr Dereral Sewdemiy, Frse Edioen. Ediged h_'r Eamran Ali and Eliraberh Prabhatoar,
© 2019 Joln Wilsy & Sons Led. Mablishod 201% by John Wiley & Sons Lud.
Conypanion website: www.wiley.comdgofalifphysiology
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Figure 21.1 (a) Major divisions of the nervous system: central nervous system, CHNS (beige) and peripharal
nirvous system, PNS (purpla). (b) The CHS is divided into the brain and spinal cord. The PMNS i subdividad inte
the atferen? or sensory and efferent or motor divisions. The alerent division (Dlua) conveys infarmaltion from the
periphary via somatic, autonomic, and entadic neurcns and recepions, sonsory and visceral stirmuli, The alarant
division (brown) sends information from the CNS o the periphery, via somatic, autonomic, and enteric divisions
the effector organs, like muscles and glands. Source: Tortora and Derrickson (2017).




The N5 is categorised into two pathways: the (i)
aferent (sensory) pathway, sending sensory input to
the brain and spinal cord, from the neurons and
receptons of the somatic, special sensory, autenomic,
and enteric systems, and (i) the efferent {motor)
pahway, sending ourpur from the brain and spinal
cord to the peripheral regions of the body. The effer-
aiit division is further divided into the somaric (SNS)
and autonomic (ANS) nervous systems, which supply
the effector organs or motor units of the body. The
SNS is under voluncary control and innervaces the
skeleral muacle {Chaprer 3). The ANS is involuntary
is further subdivided inte the (i) sympathetic and (i)
prrasympathetic  nervous  systems  (Chaprer 22,
which innervate the smooth muscles, cardiac muscle,
and plands; and (5i) the enteric nervous system, which
innervates the smooth muscles and glands of the gas-
mrointestinal trace (GIT).
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The Central Nervous System
The Brain

The brain consists of four main subdivisions:
cerebrnm, dienceplualon, cerebelfurm, and Brainseem.
The cerchrum consists of the left and right eceebeal
hemispheres. The diencephalon consisis of the
thalamus, hypothalanus, and pineal gland (which
encompasses the epithalamus). The brainstem, con-
sists of the mid-brain, pons, and medulla oblongar,
which elongates into the spinal cord (Figure 21.2).
The cerebellum is awrached 1o the dorsal aspect of
the brainstem by three paired cerebellar peduncles
{nor seen in dingram).

Cerebrum (Telencephalon)
The bilateral cerebral hemispheres constitute a large
proportion of the brain. A sagittal section through the

Pingal gland
(frar al epahatamis)

Brainstem:
Mg ain

<A

Diencaphalon:

Thalarmis { N ; 3
e, .

Hypathnamiis J = i ’

Sagimal section, medial view

Figure 21.2 Chverview of major brain components showing four major divisions: cerabrum, diencephalon,
branstam, and caraballum, Source; Tortera and Derrickson (2017).
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Frontsi ks

Dvtadls ol & gyTus,
sulous, and fssune

Figure 21.3 Suriace analomy of the brain. Amerior or superior view of the brain. A longitedinal fissure divides the
brain inio the lefl and right hemispheres. The insel shows: that the surtace of the brain is thrown into numerous fids
or convolutions called gyri (singular gyrus) and subci (singular sulcus). Source: Torlora and Dermickson (2017).

hemispheres shows thar the cerebrum is organised
into two distinet regions: the outer and inner layers,
The ourer layer is called the cercbral correx, which is
composed of grey matter containing the cell bodies
of neurons. The inner region is composed of whire
matter, containing nerve fibres and  neuroglia
{Figure 21.3). The white matter of the cerebral cor-
tex contains the corpas eallosnns, (seen in Figure 21.2)
which connects the two cerebral hemispheres, and
the incernal n-i'pjm’-r {contains m"ding and descend-
ing axons o the cortex). The corpus callosum is a
band of tansverse merve fibres (commissures or
axons) which conneet the cerebral cormex 1o the rest
of the NS, Each cerchral hemisphere also containg a
caviny known as the dareral vesricle (part of a nerwork
of ventricles in the brain) contining cercbrospinal
fluid (CSF). The CSF plays an imporrant role in pro-
secting the brain from injury (acisas a sheck absorber
and prevents friction), providing an optimum
medium for neuronal signalling (the slighuest change
in the exrracellular ionic concentration would affect
the generation of action porentials and postsynapric
potentials) and acring as a medinm for the exchange
of pases, nutrienes, and waste producis berween
BMood and nervous tissue.

The cerchrum is divided inte four lobes: fronal,
parietal, occipital, and remporal lobes (Figure 21.4).
These divisions are demarcated by the irregular
external eminences called gyri (singular: gyrus)
interspersed by furrows called sufei (singular:
sulcus).

The ceneral sulcus separates frontal and pari-
etal lobes. The frontal lobe of the cerebral corex
is separared from the remporal lobe by the lateral
sulcus. Immediately anterior to the central sulcus
iz the pre-cenrral gyrus, which is the primary moter
area. The past-central gyras is located posterior w
the central sulcus and represents the priveary
sensory area. The motor speech area is locared in
the frantal lobe abeve the lateral sulcus. The renparal
lobe is concerned with auditory perceprion, learn-
ing, and memuory, while the eceipital lobe is related
to vision. The taste area is in the post-central
gyrus and extends to the fusla, a buried pare of
the cortex adjacent o the deep aspect of the
lateral sulcus. Each cerebral hemisphere is
concerned with the sensory and motor functions
of the contralateral side of the body, owing
decussation (axons crossing over to the opposite
side; Figure 21.5).
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Central sudcus

Postoontral gyrus
Parnietal labe

Paribo-occipaal
sulous

Occipital lobe

Transverse lissure

Careballum

Preceniral gyrus

Frontal loba

Insula
{progocied 10 Surlaca)

Lateral cerebrl sulcus

Temporal loba

ANTERIOR

Fight fateral wieny

Figure 21.4 Tha fowr kobes of the cerebrum: frontal lobe, tempaoral lobe, parietal lobe and cccipital lobe. The 'Insula’
ks an area of the brain involved in laste sensation, whech es deep inside the brain. It is nof visible edernally and
bas therefore been projected to the surlace of the brain, Source: Tortora and Demickson (2017},

Primary Sansory Corfex  The conscious percep-
tivn of sensation lies within the parietal temparal,
eecipital, and insaler regions of the cerebrum.
Neurons within this area receive afferent informa-
tion fram somatic sensory receprors af the skin and
proprioceprors in skeleral muscles (Figure 21.5,
seps |—'5] The REUFGNE are Ihus ;ji!lll: [ £+ S-F:Iti#“]."
discriminare or identify the specific body region
being stimulated. The two cercbral hemispheres
receive sensory input from the coneralateral side of
the body. As shown in Figure 21.5, sensory
information from the right hand projects wo the
lefr cerchral coresx.

Frimary Maotor Cortex  The motor cortex con-
taing Izrg,l: preamical wewrons which control the
precise or skilled volunrary movement of the skel-
el muscles involved in handwriting (Figure 21.5,
seps 6-8) or in manipulating deneal instruments.
The Iung axons, from the p-yr:ml:'dal NEUn0NS,
descend to the spinal cord as thick moror tracts
called pyremidal or corticospinal erzces. All other
descending motar traces arise from the brainstem
nielei. The pyramidal trace also receives 15% af its
innervation from the premotor cortex (anterior

the precentral gyrus in the frontal lobe), which
controls learnt repetitive motor skills. Any local-
ised damage to che primary motor correx (e.g.
stroke) will paralyse contralateral body muscles,
resulting in the loss of voluntary muscle move-
ment. However, reflexive muscle contractions can
still eeeur

Diancephalon  Located below corpus callosum,
telencephalon, and above midbrain, the dicncepha-
lon has a central cavity known as the shind pentricle
and has the following subdivisions:

» Epi-thalameus: Control of diurnal rhythms; links
olfactory system 1o cerebrum  (not shown in
Figure 21.2).

= Thalemus: Te is the largest portion of diencepha-
lon and acts as a relay sation for the somatosen=
sory and some parts of the mowr system
(Figure 21.2).

s Subrhalomns: Relay for sensory system (somato-
motor zone of diencephalon), not shown in
Fipure 21.2.

» Hypothalemus: Integrating centre for the auro-
nomic NS and endocrine system; participation in
the visual sysrem, Figure 21.3.
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Figure 21.5 The afferant sensory pathwary from mechanonecapions in the fight hand (used for writing o handimg
dantal surgical tools) 10 the primary sensory cortex in the laft brain (steps 1=5). The effererd pathway from prmary
maotor cortex in left brain to the skeletal musche in the right hand on contralateral side (steps 6-8). Source: Tortora

and Derrickson (2017).

iy

— i Grnded polontial |
—e Miarv action potenal |
e Mupste 500 potential |

Brainstem {Rhombencephalon) The brainstem
consists of three distiner regions: midbrain, pons,
and medulla oblongata, containing the nuclei of the
ten ‘true’ cranial merves (CH H=XII). The expanded
central canal in the upper pons and medulla is
known as the fowrth vemrricle. The midbrain
(mesencephalon) conneets the cerchrum 1o the
pons. The nuclei of the oculomotor and trochlear
nerves as well as the mesencephalic nuclews of the
trigeminal nerves are in the midbrain: The pons is

locaved ar the junction of the midbrain and medulla
oblongara and connects the two halves of the cere-
bellum. Several cranial nerve nucled are locared in
the pons, including the wrigeminal (chicf sensory
and motor), abducens, and facial (moor) nuclei.
The medulla oblongara is continuous with the spi-
nal cord and conains the nuclei of trigeminal {spi-
mal nucleus), vestibulocochlear, glossopharyngeal,

vagus, and cranial part of the accessory nerves
(Figure 21.6).
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e
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e
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Tostora and Derrickson (2017).

Mickram

Carabalium

Figure 216 Inferior aspact of the Brain showing 12 pairs of crandal nerves (CN) in yellow, Source: Adagied from

Cerebellum

The cerebellum is part of the motor system involved
in the unconscious coordinaion and fine control of
muscles. Iehas a finer nerwork of gyri and sulci than
the cerebrum. 1 has two cercbellar hemispheres and
central region; ealled permis, The cerebellum is con-
nected to the brainstem by three pcdundcs through
which afferent and efferent reacts pass. These neural
pulways are responsible  for the integracion
ad eantral of fine movements, the procesing of
vauibulocochlear (CN VI and proprioceptive
afferents, and the modulation of moror arcas in
ather brain arcas and the spinal cord.

Spinal Cord

The brainstem elongates into the spinal cord. The
spinal cord is a cylindrical structure enclosed in
the verrebral column extending from the base of the
foramen magnum to the dise between the first and
second lumbar vercebrac.

The internal structure of the spinal cord s
characterised by a distiner arrangement of the grey
matrer and the white matter. This can be visualised in
transverse sections of the spinal cord, where the grey
matter is condensed in the form of an H-shaped mass.
The dorsal and ventral horns project from the grey
matter bilaterally, marking the original of the spinal
nerves. In the thoracic and sacral regions, a lareral
homn projects fram the grey matter bilaterally bevween
the dorsal and ventral horns (Figure 21.7).

The doral horn is concemned with sensory
funcrion and contains several distinet regions:

= Subssansia gelativoms conmins fbres mediating
pain and temperature.

+ Mucleus dorsalis (Clarke’s column) relay proprio-
ceprive impulses ro the cerchellum.

» Muclews proprius confiing connector neurons
(interneurans).

The wenened borne is concerned with motor
function and contains the cell bodies of neurons
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Figure 21.7 Section through the spinal cord (a) showing while and grey columns. (matier). the posterior {dorsal) and
the amerior {veniral) horns, the dorsal root through which sensony nemves enter the spinal coed, and the veniral root
throusgh which the moter nerve exits the spinal cord [b) substantia gelabinasa, nuclus dorsals (Clarke's columny, and
nucleus proprius, Source; Adapted from Torlora and Derrickson (2017).




which innervare the skeleral muscle (alpha motor
neurons) and  newromuscular spindles (gamma
bwer motor neurons). The spinal nucleus of the
accessory nerve (CN XD} is also locared in the ven-
tral horn of the upper cervical SCRIMENLS,

Thee fareraf horn extends from the first thoracic to
the sccond or third lumbar segments of the spinal
cord :I.I'ld conraing the r;u” bodies DF :]11.: Ilrc:l;ﬂ.tigli-
onic sympathetic fibres o form the sharco-liembar
antflanr,

The second ro fourth sacral segmencs of the spi-
nal cord contain the preganglionic parasympathetic
fibres, which together with the parasympathetic
nl?f'-'-'i l:!'r the cramial nerves consticute the cnenio-
sacrtl ouefforw (described in Chaprer 22).

The Peripheral Nervous System
Cranial Nerves

“Twelve pairs of cranial nerves (CH 1=X11) arise from
the brain inside the cranial cavity. Cranial nerves are
numbered. anterior 1o posteriorn. in the order they
arise from the brain. Cranial nerves are classified
cither as special sensory, moror, or mixed nerves
(sensory and moter) (Figure 21.6).

Table 21.1 summarises the main functions of the
cranial nerves along with basic testing in climical ser-
tings. Cranial nerve resting must be done bilaterally
when appropriate. The patient is initially asked for
any subjective symproms, which could indicate any
sensory or motor deficit, This is followed by objec-
tive testing invelving a methodical cramial nerve
examination by the clinician,

Spinal Nerves

There are 31 pairs of spinal nerves (8 cervical, 12
thoracic, 5 lumbar, 5 sacral, and 1 coccygeal;
Figure 21.8). Each spinal nerve is formed by the
fusion of a dorsal {sensory) and a ventral (motor)
root (Figure 21.7), and therefore are described as
mived nerver. The dorsal and venreal roos join
before leaving the verrebral column through the
intervertebral foramina. The dorsal rooe of each
spinal nerve shows an enlargement {dorsal roor
ganglion) just before its union with the corre-
SPDnd'mg ventral roor. The emergence of the spi-
nal nerves supplying the limbs is marked by nwo
prominent swellings. The cervical enlargement is
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related 1o the lower cervical and upper thoracic
nerves ;“11.|. I'o-rms the brdf-‘!ll!ﬂ‘! Flf-ﬂ:'-l‘l'-l:p “'IIJICFI sup-
plies the upper limbs. The lumbar enlargement is
relared 1o the lumbar and sacral nerves and forms
the fumdar and sacral plexus, which inncrvate the

lovwer limbs.

Clinical Relevance

Facial nerve function may be impaired by several
ineracranial (e stroke) and extracranial (eg. viral
infections, tumonrs, Auma, surgery)  causes.
Accidental administration of local anaesthesia during
an inferior alveslar nerve injection may lead to tem-
porary paralysis of the facial nerve. The upper part of
the facial motor nucleus receives both crossed and
uncrossed fibres; upper motor neuron (supra-nucdeir)
lesions lead 1o paralysis involving the coneralateral
lower third of the fce. [n contrst, lower motor
{infra-nuclear) lesions result in paralysis of the entire
face on the ipsilateral side.

As mentioned, facial paralysis can be one of the
signs of cerebrovascular accident (stroke]. Lives can
be saved by learning to think and sct EAST

Firce — has the face fallen on one side?

Arms — can they raise borh arms and keep them
therc?

Speecl — is the speech slurred?

Time — 1o call for emergency help (999 in the
Unired Kingdom).

Oher signs incluce:

* Sudden loss of vision or blurred vision in one or
bath cyes.

+ Sudden weakness or numbness on one side of the
body (including the leg).

= Sudden memory boss or confusion.

« Sudden dizziness, unsteadiness, or a sudden fall,
especially with any of the other signs.

Damage to branches of the cranial nerves may resule
from rauma, su:gir:.ll procedires, or tumocs. Check
bane fractures may result in numbness in the distribu-
tion of the infraorbial branch of the trigeminal nerve
{CN V). Facial Fractures involving the odbic may also
lead o double vision (diplopia) due o paralysis of the
extraocular muscles. The inferior alveolar and lingual
branches of CN WV are closely relared o the lower thind
miolar (M3). Surgical exrractions of M3 may lead ro
wemporary or permancnt damage o these nerves,



200 / Essential Physiology for Dental Students

Table 21.1 Distribution and clinical 1as n:_'; of cra

Cranial Nerve Function Testing
| OLFACTORY Gheck patency of nosirils bilaterally (snif in)
Special sensory 1o nasal mucosa [olfaction) Exposa each nostril lo agents with typical edour

(e.g. pappermint, coffee, lavender, lemon, s0ap)
with the eves closed and check recognition of

familiar odours
Il OPTIC Bast tested in specialist seftings by an opfician or an
Special sensory 1o eyeball (vision) ophthalmalogist

Visual acuity tested using Snallen type charls
Colour blindness tested using Ishihara plates
Visual fiehds may bo lested manually or by perimatny
by an optometrist
Ophthalmoscope may be used 1o check the optic dsc,
retina, retinal vessels, elc.
N OCULOMOTOR
botor (somatic) to the following muscles:

Levalor palpebras Superions Maote any drooping of the upper eyvelid (piosis) when
raising tha ayeball
Superior rectus pulls eye upwards Mela any asymrmelny of the eveball volume or
Indarior rectus pulls eye dowrmvands pupdlary levels
Medial rectus pulls eye medialby Siabilise the head with lefi hand and ask the patient
Inferior oblique pulls eye up and out 1o follow the movements of your right index finger
(in thve form of H) sifting approximalely 40cm away al
the same height

Check eveball movemnanis and nate any double vision,
of paincduring movemeants of the eyeballs

Autcnomic lo the pupillany muscles Test using a torch 50cm away

Dilatation (sympathetic) Shine light in one eye and remove immediately; pupi

Consiriclion {parasympathelic) should respond briskly by constriction and dilatation
{lt-and 111y
Consensual response in the contra lateral pupil (less
marked)

Additionally, test using bright light in the roomidark
room and note any difference between right and et
pupil

Finger movement toward the eyeball will also lead
to convergence of the ayes and consiriction of the pupil
to prevant diverging light rays from hitling the parnipheny
of tha retina (accommodation-convergence reflex)
IV TROCHLEAR Az for cculomaotor
Molor (somatic):
Superior obligue pulls eye dowin and out
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Cranial Nerve Function

Y TRIGEMINAL
Mixed Nerve

Sensory supply 1o face, scalp, and oral
cavity including the dentition

Mafar (Branchial) to musclas of mastication,
mylohyoid, anterior bally of digastric, tensor
Iymsani, and tensor veli palatini

VI ABDUCENS

Motor (somatic) supply 1o lateral rectus
Pulls eye laterally

Vil FACIAL

Mator {branchial} to the muscles of facial
EXpression

Ganeral sensory skin in axternal ear canal

Spacial sansory anterior two-thirds of
longue:

Autenomic (parasympathetic) to lacrimal,
submandibular, and sublingual salivary
glands

VIl VESTIBULOCOCHLEAR
Special sensory

Cochlear nerva (also audilory or acoustic
namve) camies avdilory sensory information
from the cochlea of the inner ear direcily to
Ui brain

Vestibular nerve carries spatial orientation
information 1o the brain from the semi-
circular canals

Testing

Uiz light touch, two-point discrimination’in the Upper,
middie, and lower third of lace and oral cavity as

appropriate
Deep touch, pin prick stimulation usually Unnecessary

Comeal reflex (ophthalmic division of CN V) = usually
nol reguirad

Mote musche bulk on clenching teath logather
[{Masseter, temporalis)

Check mouth opaning and closuna

Jaw movements: protrusive, lateral

Movements may also be checked against resislance

As for cculomotor

Lift the eyebrows to produce wrinkles on forehead;
shut the eyes; grin, whistia, efc.
Movermanis may also be checked against resistance

Best tested in specialist safings: ENT/audictogist

Check hearing by whisparing near each ear separately
or

Use a tuning hork; strike the tuning fork and hold it
about 2cm from the ear, asking the patient to tell you
when il slops

Piace the vibrating fork on the mastoid process and
ask il it is heard. IF it is heard by bona but not air
conduction, it indicates marked conductive loss. With
profound nerve dealness, the patient may be hearing it
by bane conduction in the olher aar

Weber's test (Marked hearng less):

Strike tha tuning fork and place it on the centre of the

forehead. Ask tho patient in which ear it seems louder.
The vibration is conducted through bone and it will be
quiater in the atlected ear

(Cominuad)
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Table 21.1 (Contin ued)

Cranial Nerve Function
I¥ GLOSSOPHARYNGEAL
‘Sensory and special sensory 1o posterior
one-third of tongue; tonsiltar region, uppar
pharynx and middle ear
Autonomic (parasympathatic) 1o pamtid gland
Motor (branchial) o stylopharyngeus
Motor 1o soft palate and pharyngeal
musches (pharymgeal plexus- X, X, x|
cranialparl)
Visceral sensory fibres irom canotid body
and sinus:
X VAGUS
Autonomic (parasympathetic) 1o mucous
membrang of pharynx, larynx, thorax, and
abdoman (up 1o second segment of
transverse colon).
Muolor supply to muscles of
pharynx - pharyngeal branch through
pharyngeal plexus
Modor fo intrinsic muscles of larymnx
Sensory 1o mucous membrane of larynx:
skin of EAM and external tympanic
membrane
Special sensory epiglottic ragion of
postarior longue
Visceral aflerent to thorax, abdomen, body,
and arch of aorta
Xi ACCESSORY
Spinal division is molor (branchial) to
sternomastold, rapazius

Xl HYPOGLOSSAL
Motor (somatic) 1o longue muscles except

Testing

Mote the position of tha uvula (central)

Cheack movement of soft palate by asking the patient
to say, Ah, Al

Check it swallowing reflex

Gag reflex — usually nol reqguired

Mote any hoarseness of voice

C:heck movamants of soft palate and swallowing as
far CN IX

Check cough refiex

Hering-Brauer inflation reflax

Vasovagal GIT reflex

Mole amy wasting of muscles

Sternomasioid: turn face right and left

Trapezius: shrug shouldears

Movements may also be checked against resistance

Mote any asymmetry or wasting of tongue
Check longue movements: protrusiva, lateral,

palaloglossus

suparior, infariar
Push tongue against buccal mucosa on each side

Movermnents may also be checked against resistance

Physiology of Dental Pain

Pain is a vital function of the NS, warning the
organism of potential or actual tissue damage. Pain
is an unpleasant sensory and emorional experience
influenced by psvchological Tactors like past experi-
ences, fear, and anxiety, for example dental proce-
dures and belicls abour pain.

In this seetion, a briel discussion of pain reccp-
tors [nociceprors), conduction of pain impulses 1o
the spinal cord via specific ascending and descend-
ing pain pathways, and the modulation of pain by

specific chemicals are discussed. Lastly, we will focus
on twe types of pain: nociceprive and neuropathic
E!l:l.il! {l:rigr:l:ui:ui |;|m|r.'||HE:|].

MNociceptive Pain

Central Ascending Pain Mechanizsms
and Transmission of Pain

Mumerous pain receprors (nocicepross) are present
in the oral mucosm, periodonal, and dental pulp.
Mociccprors are sensory recepaors which specifically
dereet poxious (harmful) stimuli {mechanical, thermals



Chapter 21: Central Nervous System / 203

Cervical plexus (C1=C5):

Lasssr opcipial noree L%

Great auscilar \ Nt

o ———
]

Transverse cenvacal norne Cervical nerves {8 pairs)
Supraclmicular nerie —— A
Prngrsc noree Cervical o
Brashisl plexus (C53-T1k
First 3 2
Thovacle nerves (12 pairs)

:mmm Lurnbar enlargemsnt
L Firat hambuat vortebra
(bencostal nacve 12) Conus fo—staes

Fecund kembar vertebra

Lumiiar phosus (Li-La); ll L
hohyDngasineg mifve

Bonguinal e
Cavatofemond nerm

Lurnbar nerves (5 pairs)
Cauda equing

Lavtirad fy -
CLEMEOUS Rarg

Fermeamal narve
Obdurabod reeneg

—_— e Eum of hip bt

Gacral plexus (L4=54); ’F/‘,,I"'%. ;
Sy mmweﬂ

Eacral narves (5 pairs)

infvior pluleal rpre \ e i
Saiafe nanve: / .
Common fwlsr ¥

Coccygeal nerves (1 pair)
Fituen terminak

(@) Posterior view of aniine spnal cord and porions: of spnal nennes:

: iginate fram different levels of
Figure 21.8 The spinal cord and spinal narves. A total of 31 pairs of spinal nerves, onigind f
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by the fusicn of the dersal (sensory) and a ventral {metor) rects. Seurce: Tortara and Darrickson (2017).




204 [ Essential Physiclogy for Dental Students

chemical). The pain receptors are free nerve endings,
which transduce noxious stimuli into elecrical signals
or action potenital (Chaprer 2) via the primary afferent
AB and C-fibres 1o the CNS, The mycinared AS fibres
are rsponsible for the initial reflex response 1o acure
pain and transmic sharp, rapid pain. The small unmy-
clipated C-fibres are dow condueting and carry dow,
burning pain. C-fibres are polymodal and are activared
by chemical (eg. capsicin, found in chillies), mechan-
ical, and thermal stimuli,

Damaged tissues also  release inflammarary
mediarors. such as histamine, scrotonin, cyrokines,
bradykinin, prostaglandins, substance B or H',
which can directly stimulare nociceptors or ‘sensitise’
surrounding tissucs, by decreasing the ‘acrivarion
threshald” ar which action porentials are evoked.

Pain sensation is rransmicted from the orofacial
region by the main maxillary (CN-V.) and man-
dibular (CN-V,) branches of the trigeminal neeve,
CN-V to the primary somatoscnsory cortex via a
three-neuron relay, of first-order, second-order, and
third-order neurons (Figure 21.9).

The cell bodies of the frr-order newrons
{nociceprors) are located in the rrigeminal ganglion.
Their AS and C-fibre axons leave the rrigeminal
ganglion and travel in parallel along with other
facial sensory fibres (of CN-VII, 1X, and X) via the
spinal tract downwards ro the spinal nuclel of the
trigeminal nerve (located in the dorsal horn of spi-
nal cord ar the level of the medulla). Tn the medulla,
the primary alferents SYnapsc with secomsfarder mesi-
rons. Both primary afferents, AS and C-fibres,
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Figure 21.8 Pain pathways in the head and tace. Sowce: Schuenke, Schultze, and Schumacher (2015).




branch to innervate nociceptive neurons in the sw-
santia gelatingsa of the dorsal horn. The primary
afferents also release a number of excitarory neuro-
trasmitters including glhitamate and substance P ar
their synapses with the second-order neurons in the
thalamus {where transduerion of chemical signals to
'Ii']ﬂ"iﬁl- il'l'i[!lll.ls-t,". CRECUET, S '!-'}'I111|.11i-’: iransmission
in Chapier 3), to transmic pain impulses.

Thus, primary affercnes synapse with second-
order neurons in the thalamus.

Axoms of thalamic or second-order neurons (sec-
ondary affercnis), colleetively known as snelens pro-
P, ascend 1o synapse with .rul'_!jml'-ardr.l' HenraRs 1
the primary somatosensory cortex. There are two
acending pathways that carry nociceprive signals
from the thalamus: (i) the m’grmﬂm-r-fmfumfr frct:
the secondary afferents decussate to ascend to the
contralateral thalamus, in the [rigl_'|11i.r|rp||u|.;tmi|:
wrace, also called the srigeminal lemmisens: this trace
carries II!E Pa:].'ﬁil.'.Ll SIS OTY rrf l_'l.u'n l_'.'|||l:'\d rm:‘fﬂp—
five pain, and (i) the spinarericular trace: these filires
also decussate to ascend o the contralaceral side w
into the bralnstem rericular formation (responsible
for sleep, respiration, and alereness), before project-
ing o the thalamus and hypothalamus. This path-
way is involved in the cmotional aspeers of pain
which can make a person angry (by activating the
emotional centre in a part of the brain called the
limbic sptent), th:pn:.'.y.w:i. or unable 1o }:E:q} due o
the heighrened aleriness m pain.

Th-ﬂ:lpt‘u[il: interventions like nonsteroidal anti-
inflammatory drugs, or NSAIDs, (eg. aspirin and
ibuprofen) or opioids (c.g. codeine and morphine)
can be administered ar differcnt relay points in the
acending pathway to provide pain relief or
analgesia,

Modulation of Nociceptive Pain  In generl,
any pain is suppressed in the body via descending
neural pathways, referred o as the eutlpgenons
analpesic gurern (Sessile 1987; Bingel and Tracey
2008}, This appears o be a paradoxical situation
since the primary purposs of pain is to prevent tis-
sue injury or facilitace survival under normal
creumstances.  Modulation  of pain can  be
explained on the basis of the two following theo-
ries “endogenous oploid mechanism” and “gare
control mechanism”™.
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Central Descending Pathway

Endogenous  Oploid  Mechanism The
descending analgesic pathway is located in the
grey matter of the dorsal horn of the midbrain
called periaqueductal grey marer (PAG), which
when stimulated produces analgesia
(Figure 21.10). The PAG receives excitatory fibres
from ascending secondary afferent fibres of the
trigemino-thalamic tract. The axons of the PAG
descend and synapse onto neurons of the rostral
ventromedial medulla, Eventually, the afferemes
terminate onto inhibitory inteemeurons which
synapse with second-order neurons (of the ascend-
ing pain patlun].-,'l in spinal nuclei of the trigemi-
nal nerve.

It is thoughe thar the ceneral analgesic pathway
modulates pain via the endogenous opioid system.
To this end, the PAG and rostral venromedial
medulla contain an abundance of opiate receprors:
miwe, delra, and kappa subtypes (as do other central
and peripheral nociceprive afferents), which bind
to endogenous opioid peptides like Pendorphins,
cnkephalins, and dynorphing, ro prevent pain
rransmission. Two purative exogenous opioids used
routinely as analgesics in the clinic are morphine
and heroin (the exogenous opioids are called ago-
wists as they mimic the action of the endogenous
opioids). The modulation of neciceptive input by
opicids occurs in two ways: (i) blocking neuro-
eransmitter (glutamate and substance I') release by
inhibiting Ca®* influx into the presynapric ermi-
nal or (i) opening potassium (K°) channels, which
hyperpolarise neurons to inhibit action potentials
(Chapter 2).

There are funcrional differences in the distribu-
tion of opioid receptors within che CMS and PN3
which may explain the unwanted side effeces of opi-
ate treacments. For example, the neurons in the res-
piratory centre of the brainstem have a plethora of
mu-receptors, and inhibition of these neurons
causes respiratory depression and may be poten-
tially faral due 1o an everdose. Opioid recepror
action can be blocked by the drugs naloxone and
nalirexone, which act as competitive antagonists
(inhibitors) ro opioid peprides.

Pain also stimulates the release of endorphins
which block the ascending pain cransmission
the thalamus and simultaneously  activate  the
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Figure 21,10 Modulation of pain via the descending pathway (in graan); +/- indicate nociceptive and inhibiticn of
nociceptive responses at the spinal cord. Modulation cccurs through the interaction between ascendeng (excitatory)
pain pathwsy with the descending analgeshc pathwey at the level of midbrain, medulla and spinal cord. Sowrce:
Bingel and Tracey (2008). Avadable at: hitps.fidol org/ 10, 1152/physicl. 00024.2008 (accessed 1 May 2018},
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descending pathways (Figure 21.10), according 1o
Bingel and Traccy (2008), In addition, the release of
a neuratransmitter serotonin (5-Hydroxytryptamine
or 5-HT} in the thalamus and spimal rrigeminal
nudlei in medulla. 5-HT has the effect of modular-

ing incoming pain signals in the second-order
nociceptive afferents, which synmapse with inhibitary
interncurons to block the release of excitatory glira-
mate and substance Iinvolved in pain transmission.
Thus, the systemic administration of ﬂ;]]::irl:l:- will



cause pain suppression at the central and peripheral
neciceptive sites containing the opioid receprors,

Gale Theory of Pain Modulation  First postu-
bired by Meleack and Wall (1965), this theory
regards pain ar @ funceion of the balance betiveen the
I"l'-l,lrlll‘l'-'!rl'fﬁ?'.l' nwarﬂ'finx inre the aprmind corred .n"rran‘gf:
large wned small nerve fifres. Pain can be modulated
when llll:l'c is simulraneous SOMATOSENsony iI'IleJI
from non-noxious large A fibres. IF dhis input from
the AP-fibres is greater than the noxious {nocicep-
tive) input via the small AS and C-fibres, the ‘gare’
closes and pain rransmission is inhibired. IF, on the
other hand, the noxious input via the small fibres is
Breaner than those of the non-noxious J\ﬁ fibres, the
‘gare’ opens w allow pain rransmission,

The theory suggests thar boah large and small
fibres synapse onro an inhibitory neuron in the dor-
=il horn of spinal cord, which acrs as the 'gare’. In the
absemce of pain signals or if there is a greater stimula-
tion of the large A-fibres, then the tonically active
inhibitory neuron (keeps gate closed) suppresses
pain transmission. IF there is a strong noxious input,
then the inhibirary neuron would stop firing roni-
cally {to open gare) and pain would be relayed 1o the
higher brain centres (Silverthorn 2017). Although
the gate contral theory cannot fully cxplain how
pain i processed in the CNS, it has opened the door
0 new pain management strategics such as acupunc-
ture and transcuraneous clecrrical nerve stimulation
(TENS). Chipaila er al. (2014) have demonstrated
that Illlr.‘l—!l.w."-t_rn]ug:lw}' TENS may be beneficial in
the treatment of in non-odontogenic arofacial pain
including remporomandibular joine  dysfuncrion

(D),

Clinical Relevance

Dentine sensitivity is common and usually results
from cxposure of the dentine due 1o toth surface
loss, Fm:ﬂr'd.: {inflammartion of the pulp) is charac-
terised by severe pain and results from invelvement
of the tooth pulp by untreated caries or rauma,
Painkillers only provide temporary and partial relicf.
The definitive treatment often requires aperative
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interventions including deviralisation of the reoth
by removing the pulp tissue (reot canal therapy).
Trigeminal neuralgia may result from compres-
sion of the crigeminal nerve by tumours or anoma-
lous vesscls leading to severc pain as described in

Chaprer 2.
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CHAPTER 22

The Autonomic
Nervous System

Elizaberh Prabbakar and Kamyan Ali

Introduction

The auronomic nervous system (AMNS) forms the cfferent (motor), auromatic, or
invaluntary division of the peripheral nervouns system (PMS). The ANS innervares
smooth muscles of the viscera (organs), such as cardiac muscle, gastrointestinal mract
(GIT), genitourinary sysiem, glands, and adipose rissue. The auronomic innervarion
plays an essencial role in maintaining homeostasis of the internal organs, e.g. barorecep-
tor and ather cardiovascular reflexes, lung inflation reflex, and gastrointestinal reflexes
(i.e. salivation. gag reflex). In addition to the normal homeostaric roles of the ANS, it
also responds rapidly to stress, figh, fright, or severe pain, by coordinating simultancous
"miss :1isc|1:|_rg.;" {iniriaced ]_'r_yr the h_l,lptjllh:l,l:ul!us:l nfsympmhc:jc impulscs in all [parts of
the body, causing an individual to run away from unpleasant or dangerous situations.

Anatomic Organisation of the ANS

The AMS is divided into rwo paris:

1. the sympathetic division, which prepares the body for activity and is predominant
during "fight, Might" or “stressful situations’;

2, the parasympathetic division, which is responsible for Spl:l'.'iﬁl.’l or localised reactions
and is aceive during the 'rest and digest” situation.

Most organs receive dual innervation from sympathetic and parasympatheric nerve
fibres (Figurez 22.1 and 22.2). The sympatheric fibres originate from the thoracolum-
bar region (T1-L3) of the spinal cord, and the parasympathetic fibres arise as craniosa-
cral outflows (CH 1T VIL IX, and X} and (52-54). The existence of the p:lnu}'mp:llhl.'t e
zacral outflow is eurrently being debared in the litemture. For both sympathetic and
parasympathetic nervous systems, preganglionic nerve fibres emerge from the central
nervous system (CNS) to synapsewithin autonomic ganglia of the PMS. The autonomic

Euenrial Plriielsgy for Dental Snudents, First Edition, Ediged by Kammn Ali and Elizabech Prabhakar,
2 2019 John Wilsy & Sons Ld. Publiched 2005 by John Wilsy & Sons Lud.
Commpanion website: wawowiley.com/galalifphysiolage
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SYMPATHETIC DIVISION 4
haracalumiar) Distrisitod primanty 1o ameth masde
o R Hays : of blood vossels of these orgars:

synapse with posiganglionic fibres within aiionemis ganglia. The ganglla en sach side of
the spinal cord, form chains, which run paraliel 1o the cord [only laft chain ganglia shown). Sowrce: Torlara and
Dearrickson (2017).
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Flgure 22.2 Structure of the parasympalhetic division of the autonomic nervous system. Solid lines repeasant
preganglionic axons; dashed lings reprosent postganglionic axons. Tha praganglionic fibres ansa from the
craniosacral fegions of the spinal cord. Th cranial pregangkanic fibres enter discreta ganglia to synapse with the
postganglicnic fibres. The innervation of the aegans is shown on one side onty. Mote the rich innervation of tha
oofacial region by the facial nerve {VIl) and glossopharyngeal narves {130). Source: Tortora and Derickson (2017).

ganglia of the thormcolumbar region form a sympa-  (Figure 22.2). Onee the preganglionic nerve fibres
thetic chain which runs alongside the spinal cord. leave their respective autonomic ganglia, they

The arrangement of the cranial outflow of the  are called Mwnﬁl‘mkﬁ&m, which synapse onwo

parasympathetic autonomic ganglia is mare discrere  VArious [arget organs or neuroe(fectors juncrions.
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Contraction, relaxation of relevant museles ar stim-
ulation, and inhibition of glandular secretions in
rarget organs are mediared by synapric rransmission
(Chapter 3).

The preganglionic and postganglionic neurons
of the sympathetic and parasympathetic nervous
systems synthesise and release nevrotransmitters;
either noradrenaline (norepincphrine, or NE) or
acetylcholine (ACh). Specifically, the pregangli-
onic neurons of sympathetic and parasym pathetic
S release ACh ar rheir axon terminals. However,
the neurotransmitters released by the postgangli-
onic neurons of the sympachetic and parasympa-
therics are different. The postganglionic fibres of
the sympathetics (sympathetic MS) release norepi-
nephrine {noradrenaline), while those of the para-
sympatherics (parasympathetic MNS) secrere AChH
{ Figum 22.3).

Therefore, based on the type of neurotransmit-
ter velcased by the pre- and postganglionic
neurons or the type of recepror(s) found in their
rarger tissues, neurons can be classified as adrener-
gic or cholinergic. Adrenergic neurons release NE
and cholinergic neurcns release ACh, Similarly,
those targer argans which have receprors specific
for NE are called adrenocepiors and those
with receprors specific for ACh are categorised as
chelinacepsors.

The adrenoceprors are stimulated by both
nemdrenaline (released from synapric vesicles) and
adrenaline released by the adrenal medulla into the
bloodstream. Two main subtypes of adrenoceptors
cxist: afpda (o, @) and beta (B, B.) receprors, which
show varying degrees of responses to NE and epi-
nephrine. The cholinoceprors also have rwo main
subtypes of receptors, called either muscarinie or
nicerinie. Both muscarinic and nicotinic recepror
subtypes are stimulated by ACh. The receprors arc
the sites for drug action and are imporrant during
dental surgery (Figure 22.3).

The adrenal medulla supplements the actions
of the sympathetic nervous system. The cells of
the adrenal medulla are modified postganglionic
neurons (Chromaflin cells), so called because they
lack the fibres that would normally projecr to
target tissucs. Chromaffin cells are thus under
direet neural control of preganglionic symparheric
fibres of the CNS (Figure 22.3). Chromaffin
cells secrere neurchormones collectively known

as earecholomines, which primarily consist of
cpinephrine, norepinephrine, and small amounts
of dopamine. Upon sympathetic stimulation,
carecholamines are released in the cireulation and
bind 1o adrencrgic reccprors of the viseera 1o
initiate a widespread response (mass dischargel-

Antagonistic Functions
of the Sympathetic
and Parasympathetic Efferents

The sympathetic stimulation is largely responsible
for initiating the fighr-or-flight response, whilst
parasympachetic  stimulation energEy
balance (rest and digest). Restorative actions oocur
l:hmugh vasodilation of blood vessels supplying the
gurt, causing increased blood fow, maoriliy, and
gastric secretions. During digestion, the antagonis-
tic actions of the sympathetic stimulation reduce
blood flow (via vasoconstriction) in active skeletal
muscles. Blood from the skeletal muscles is diverted
into the gur. This auwonomic control of GIT is
l'l:'gl:li:ltl;d |_1".-' thq’ EHEEFIC M TTNINE SYSTenT, Inthe harr,
sympathetic stimulation increases heart rare (posi-
tive chronotropic effect) and contraction force
{positive inotropic effect). But, stimulation of the
parasympathetics causes opposite effects (e it
reduces heart rate and reduces the force of the
contraction). A summary of these functions and
receptar fypes can be found in Table 22.1.

reslofcs

Sympathetic and
Parasympathetic Tone

Both divisions of the AMNS are continually acive cven
without stimuladon. This basal (normal) rae of
activity in the ANS is called sympathetic fone or
pansgmpathetic fone, respectively. The importance
of tone is that it allows an increase or decrease in
activity within a single nervous system (e.g. sympa-
thetics). Symparhetic tone keeps sysiemic arterioles
constricted o half their size. Stimulation of the
sympathetic efferents beyond the basal rate causes
further vasoconstriction. Decreasing stimulation of
the sympatheric M5 below normal causes vasodilation.
Without sympathetic tone, only vasoconstriction
bur not vasedilation would be possible, This could
lead ' to serious physiological consequences.
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Figure 22.3 Neurolransmitier release in sematic (voluntary) and autonomic (involuntary) metor neuroans. Preganglionic
marves (solid linas) and postganglonic nenve (dashed lines); (a) sematic mator neurans release acetylcholing (shawn
anly for purposes of comparison with sympathetic and parasympathetic (autonarmic) newrens; (b} sympatietic
preganglisnic narve fibres rmlease acetyicholing and ‘ i LN

pre- and posiganglionic fibrs release only acatyicholing.
neeurons (Chromaffin cedls) because they lack aons that would rormally project 1o tanget issues. Source: Tortara and

l Demickson (2007).
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Table 22.1 Actions of au

Effector Organ
Adipose tissue
Adrenal medulla

Alimentary canal and
BRSSO OIS
5;]1;:@ glands

GIT
Kidnays
Liver
Pancreas

Blood vessels
Arteries (most)
Skaletal muscles
Vains

Eye

Radial muscle (irs)
Circular muscle (ins)
Ciliary muscle
Lacrimal glands (1ear
glands)

Heart

Rate of contraction
Fofea of contraction
Masal secration
Respiratory system
Eronchial tree
Spleen

Splenic capsula
Skin

Syeeal {acorine glands)

Hair follicles, smooth
muscles

i nernvous Syalem.

Sympathetic (Adrenergic) Response

Response

Lipoiysis

Increased secration of
epinaphrireg and
riarepinephring, madisted
via nicotinic ACh receplorns

Vasoconstriction,
increases secretions of
ViSooUs mucus and
BNZYMES

Ralaxalion — decreased
motility and secretion
Renin secretion
Increases
gluconeoganasis and
glycogenalysis
Decreased secrtion of
insulin and digestive
ENZYMEes

Vasooonstriclion
Vasodilation
Vasoconsiriction

Contraction {mydnasis)

Relaxaticn

Incraase
Incraassa

Decreases
Bronchoditation
Contraction

Increaseas sweating,
mediated by muscarnnic
ACh recapltors
Contraction (pilcarection)

Receptor

Py
M

o, o)

i, fa,)

|

B
@ ()

P,

Parasympathetic (Cholinergic)

Response
Response

Vazodilalion, increases
coplous watery secrations

Contraction = incraased
mofility and secration

Mo effect

Contraction (miosis)
Coniraction
{accommodation)
Increased secretion of
learns

Dacraasa
Decrease

Increases

Bronchoconstriction

Receplor

|

==
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Sympathetic (Adrenergic) Response Parasympathetic (Cholinergic)

Urinogenital system

Detrusos Relaxation

Tngone and sphincter  Contraction — (nhibition of
Uraters micturition

Ularnis Contraction

Vas defarenss Conlraction

Genilalia Confraction — ejaculation

Clinical Relevance

Vasovagal Fainting

Strezs and anxicty associated with denral trear-
ment (e fear of dental injections) may lead 1o
Eidicvgal _ﬁuur.l'ar_g ar syrcape. Mediated by the
ANS, syncope is the maost common cause of sud-
den loss of consciousness, and up 1o 2% of patients
!I-Jli”[ |1r.'ﬁ.uc 0or n!I1:|ri|IF :11,'||.|;;|| treatment. It is a
biphasic response characrerised initially by an
increased symparhetic tone followed by activation
of the parasympacheric system.

"Maxs {‘HFCIJJ rgq.-' af i|:|||r|.dw.:. :lchl-:‘lll:':! h:." the
hypothalamus stimulae the release of adrenaline
from the adrenal glands inte blood circularion,
resulting in vasodilation in skeleral muscles (B,
receprors), |1.'.1-|:|.i|'|.|_.; [TH |1d,:rip]14;|::i| pl:'l-l:‘:llil!'lgI of
blood and reduced venous return. This is fol-
lowed by vasoconstriction in the skin (@, recep-
tors), leading to pallor and an ashen-grey
appearance of the face; increased rate and force
of heart contracrion (B, receprors). The vigorous
contfiactions of ':.:||t|1|:(' w||.|;r'i1,'|c,s :.lil'l'l.lll.‘i[c e
fibres in the left ventricles, increasing the vagal
tone which overrides the sympathetic activiry,
causing a reduction in venous rerurn and conse-
quent cerebral ischemia. In the standing posi-
tion, the fainting or prostration reflex helps o
divert blood to the brain by causing the patient
1o fall to the ground: when the horizantal posi-
thon s assumed, FECOVEDY SO0 OOCUrs,

The vasovagal attack is transient and benign and
rarcly lases for more than a few minures. However, if
3 patient is maintined in an uprighe pasition in a
dental chair, i could lead 1o permanent oerchral darn
age secondary to ischemia and loss of consciousness.

Responsa
[ Contraction M
i, Ralaxation — stimulates M
micturition
m, —
{II e ==
I, T No eftect M
Relaxation — eraclion

Therefore, if a patient experiences a vasovagal syn-
cope in a dental chair, the chair should be reclined
1o make the paticnt supine and raise their legs o
facilitate venous rerurn. This simple manocuvre helps
restore the cerebral blood flow, allowing a rapid
recovery within minuies owing to the antagonistic
actions of the symparhetic and  parasympathetic
nervous systems via the baroreceptor reflexes.

Dental Local Anaesthesia

Vasoconstrictors, such as adrenaline, are frequently

used in low concentrations in local anacsthetic

injections in demtistry. The fece and oral caviry have

a rich blood supply and adrenaline helps to reduce

blecding during invasive procedures, increase the

depth of anaesthesia, and localise the anacstherics 1o

the operative site, increasing their duration of
action. Although adrenaline may cause an increase
in heart rate. leading o palpitarions, the effects are
rransient and usually insignificant. Conversely.

inadequate pain eonteol and bleeding during clini-

cal procedures may cause stress and anxiery amongst
patients, leading o excessive endogenous adrenaline
secretion, which may far everweigh its dose given in
loeal anaesthetics, Mevertheless, it is important o
aspirate prior o giving 2 dental injection o avoid
an intravascular injection accidenratly. If adrenaline
is injectec into a blood vessel, it not only increases
the risks of unwanted cardiovascular effects bur may
also lead to a failure 1o achieve adequare anacsthesia,
awing o a rapid peripheral distribution of the deog.
Finally, it is also important to limit the dose of local
anacsthetics conmining adrenaline to under 4 ml in
patienis with a histery of candiovascular disease or
hypertension, and also during pregnancy.
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CHAPTER 23

Special Senses

Poorna Gunasekera and Kamran Al

Key Topics

o Overview of the special senses including vision, hearing, equilibrium, smell,
and taste.

Learning Objectives

To demonsirate an understanding of the:

= Structural and funclional organisation of special sense organs
m Generalion and propagation of nerve impulses in special sense ongans
= Common disorders of taste

Introduction

Special renses are sensitive o stumuli that cannor be derected by the receprors of the
'-;-:.'|1:.:|;|.| SEISOTY 3ysien and thus have hﬂpﬁk{.‘ receprors that are Spl.'fiﬁﬂ'ﬂﬂ}' I'Jﬂlgl'lﬂ‘d
o respond 1o such stimuli. The impulses generated by special sensory organs are
relayed 1o specific areas of the brain cortex thar are distinet from the primary sensory
cortex. The five special senses arc: vision, hearing, balance '[thi“bl'iUI'ﬁ}- smell

(olfaetion), and taste (gustation),

Vision

The receprors for vision are paired spherical organs, the eyes, which can be described
as fuid-filled hallow globes, and each one walled by three encircling layers of tissue
(Figure 23.1). The outmost layer (fibrous runic) is formed by the opagque white selera,
the anterior pole of which is continuous with the transparent cornea thar allows lighe

Exentiad Plreciology fre Deneal Seweferers, Firse Edition., Ediced by Kamean Al and Elizabeth Prabhabar,
£ 2019 Jahn Wilcy & Sans Lid, Published 2019 by John Wiley & Sons Led.
Companion webaite: wwwwiley.com/fpofaliphysiology
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to enter. The middle layer (vaseular tunic), the
choroid, is denscly packed with blood vessels and
pigmented cells, The innermost layer (the retina)
contains the photoreceprors thar generate the visual
impulse.

The iris, placed posterior to the cornea, functions
as an adjustable filter for light. Decper to the iris is
the lens. which can change its curvarure, faciliaring
an incrcase or reduction in the focal length.
Immediately posterior to the lens s the vitreous
humour, which mechanically stabilises the retina.

The light-sensitive cells of the eye, the photore-
ceprors, located in the outermose layer of the retina,
consist of the peripherally placed rods (that respond
o monochromatic lighe) and the centrally placed

cones (that selectively respond 1o green, blue, or red
hues of light).

Formation, Propagation, and Perception
of Visual Impulses

Absorption of light waves by the specialised photo-
pigments in rods and cones of the retina induces a
change in the membrane potential of photorecep-
tors (Figure 23.2). This triggers action potenrials
within the optic nerve, which convey impulses
owards the cerebral cortex. Only light waves that
are berween 400 and 7000m in wavelength
arc absorbed, and thus referred 1o as the wisble

spectrim of lighe.
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Figure 23.2 Microscopic structure of the riling. Source: Toftera and Dermckson (2013),

The optic disc, which marks the poine of the exit
af the opric nerve, also permits for the entry and
exit of retinal blood vessels. The optic nerves exit
through the optic canals and converge at the optic
chiasm The neurons undergo a parrial decussation
o continue as the optic tracts o relay ar the lageral
geniculate nucleus of the thalamus. A final order of
neurons fram the lateral geniculare body relay the
impulses to appropriate parts within the occipiral
lobe, which houses the primary visual cortex
through tracts known as epric mediations,

Hearing

The process of hearing (auditory perception) relies
on a specialised recepror: the ear. The human ear is
made up of three linked compartments: the exrer-
nal, middle, and inner ears (Figure 23.3).

The external ear describes a funnel-like armange-
ment, responsible for capruring the vibrations of
sound waves that are responsilble for hearing,

The middle ear serves 1o amplify the intensity
of these vibrations by up to 20 times, It docs
so thraugh a set of three ossicles, named the melles,
fwcns, and staper, respectively. One end of the

malleus is arrached to the tympanic membrane,
which separates the external car from the middle
ear. The other end articulates with the incus, which
in turn in aached o one end of the stapes, The
other end of the stapes {the base) is avtached o the
boundary of the middie and inner cars.

An oval-shaped membrane (the oval window), 1o
which the basc of the stapes is anached, also marks
one end of a coiled, Auid-filled, bony canal, located
in the inner ear. This canal has a hairpin bend at its
decpest point, with a second arm coming back
towards the middle @ o rerminate in another
membrane {the round window).

Bath the round and the oval windew are located
within a few millimetres of cach other, on the wall
representing the boundary between the middle and
inner ears. Both arms of this bony canal in the
inner ear are filled with fluid, cilled perffyneph. The
arm of the canal connecred o the oval window is
known as the seale pestibudi, It extends to its deepest
point, the felicatramas, from where it cominues as
the seale gympani o end in the round window.
The outer surfaces of both the scala vestibule
anel the seala eympani are bony in structare, and are
therefore collectively called che bony bibyrindh. They
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are scparated from cach other on the inner surface
by a blind-ended, fluid-filled {endolymph), mem-
branous tube, the feals media, also known as the
cochlear ducr. The membrane separacing the scala
vestibuli and the scala media is known as the ver-
tibular membrane the basilar membrane separates
the other surface of the scala media from the scala
rympani. This arrangement of three canals, the
outer two being continuous with each ather av one
end, sandwiching a blind-ended middle canal
berween them, undergoes a combined two-and-
three-quarter owists preserving their relationship o
one another. It forms the snail-like cochfear
apparatus, which is responsible for the generation
of auditory impulscs.

The tissue which generares the auditory impulses,
is known as the organ of Corri, which rests on the
basilar membrane forming the floor of the cochlear
ducr (seala media). The organ of Corti is made up of
abour 15000 hair cells, which are arranged along the
length of the cochlear ducr. While the basc of cach
hair cell is firmly anchored vo the basilar membrane,
their apices are covered by abour 100 actin-stiffened
microvilli, known as stereacifia. The tips of these

stereocilia are connected 1o one anather by ecll adkhe-
sion maolecules called sip Jiwks, This arrangement
facilitates the stereocilia o sway in unison, very
much like scaweed in FECSPONEE 10 WAler CUTTEnLs.

Farmation, Propagation, and Perception
of Auditory Impulses

The amplified vibrations transmitted o the peri-
lymph through the oval window will travel along the
scala vestibuli and continue thmllgh the helicornema
to the seala tympani to set off a corresponding move-
ment in the membranous round window, if they ane
cuside the frequencics thar a human is capable of
hearing. If, however, they fall within the human hear-
ing range, they will rake a shoreur from the scala
vestibuli to pass through the cochlear wbe, crossing
the vestibular and basilar membranes, to reach the
perillymph in the scala tympani, This process causcs
the basilar membrane, and the organ of Corti
atrached o it, to vibraie in synchrony,

Overhanging the stereocilia of the hair cells in the
organ of Corri is 2 stff awning-like membrane, the
rectarial membrane, which abuts into the middle of



the cochlear tabe. The stercocilia are pressed against
this tectorial membrane, when the basilar mem-
brane vibrates rowards i, ca_using them 1o bend.
This leads to an opening of the mechanically gared
chanmnels near the tips of stereocilia, 1o ler porassium
enter inte the cclls ro initiare the neural process,
generating an action potential. This action porential
ultinately terminates in the primary auditory cor-
tex, passing through a series of synapses, most nota-
bly in the brainstem and the medial geniculare body
of the thalamus. The nerve carrying the impulss is
known as the cachlear nerve, which forms one part

of the vessibrlocochiear nerve (VI CN). Though a
human ear is theoretically capable of detecring
sound waves within the frequency mnge of
20-20000 cyeles per second, they are most sensirive
to thiose berween 1000 and 4000 cycles per second.

Equilibrium (Balance)

The sensations of balance and the position of the
human body in relation 1o gravity arc alse detected
by a specialised organ found in the inner car. It
too generates impulses using mechanically gated
channels, which are then carried by the vestibular
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component of the vestfbulocochlear merve. However,
the central projections of this nerve are destined ro
mostly encl up in the cerebellum, rather than the
brain cortex. The specialised organ thar facilitates
this process is known as the vesrifaler apparas.

The wvestibular apparatus too has an external
bony labyrinth encircling a middle membranous
labwyrinth (Fgure 23.4). The main sensory receprors
(the hair cells) are embedded on a ridge on one sur-
face of the membranous labyrinth, and respond to
mechanical bending by opening gared channels,
which leads to depolarisation. However, there is no
rectorial membrane to initiate the bending of the
20-50 srereccilia found on the apical side of each
hair cell. Instead, the stercocilia are embedded in a
gel-like cupula on their unattached surface. The
inertia berween the watery endolymph bathing the
hair cells and the gel-like cupula in which the ste-
reocilia are embedded provides the force required 1o
bend the stereocilia o initiate the neural process,
leacling vo a perception of balance.

The vestibular apparatus provides vital informa-
tion for equilibrium and facilitares the coordination
of head movements with those of the eyes and
posture, It does so through a structural organisation

Semicircular canal:
anlerior
posterion
lateral

stapes in oval window
rouned window

utriche
vastibule
saccube

ANTERIDR

Figure 23.4 Structure of the internal ear. Source: Courtesy of Melina 5.Y. Kam,
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resembling a set of three semi-circular eanals on
each inner ear, which are connecred 1o the audirory
cochlear appararus by wo saclike structures, the
urricle and the saccule, collectively known as the
atolich organs,

The three semi-circular canals are armnged ar riglh
angles to one another; the twao sets of semi-circular
canals on cach side are arranged as mirror images of
onc another. This arrangement renders them collec-
tively c.'apaﬂ-c ﬂfdc!ming rotational or angular accel-
eration or deceleration of the head inany plane, such
s would occer with 3 sudden turning of the head,
SIAring or stopping 4 spinning movement, The
ridge-like ampulla bearing the hair cells are found at
the base of each semi-circular canal.

The orolith organs, in comparison, are designed
1o provide informarion on the position of the head
in relation to gravity (static head ilt) and rare of
linear morion, as eccurs when moving in a seraighe
line, regardless of its direction. The gelatinous caps
within with the stereocilia of the orolith organs are
cmbedded are further re-enforced by  minure
calcium carbonate crystals (the owoliths), which
serve o amplify the inertia berween their move-
ments and the surrounding endolymph.

The impulses arising from the vessibular apparans
are relayed o the vestibular nuclei in the brainstem

and o the cerebellum, where they are integrared with
those relayed from the visual system and propriocep-
tors associated with muscles and joines.

Olfaction

The olfacrory recepror cells are locared inthe reaf of
the nasal cavity. The human nose overlies a ceniral
aperture in the frontal surface of the skull {the nasal
cavity), which is placed between the two orbital
cavities. Ir is made up of fibrocartilaginous walls,
and divided into two halves by a flar central nasal
sepium. The walls are lined by 2 non-specialized
mucous membrane, excepr ar its roof, which is lined
by specialised olfactory mucosa,

Olfactory Apparatus

The olfactory mucosa consists of the affactary recep-
tor cells and supporting cells, which seercte mucous
that is vital for dissolving the odoranis (molecules
capable of inducing the sensation of smell) o be
detected. The olfactory recepror cells have a bulging

cell body facing the nasal surface, from which a tas-
sel-like arrangement of clongawed cilia extends
towards the nasal eaviry (Figure 23.5). These cilia
contain binding sites for odorans, The cell body
also sends an clnrlgmcd LAY rhrnug,h the pcrfﬂfﬂlfd
cribriform plate of the cthmoid bone o the
averlying floor of the anterior cranial Moor, where it
synapses within ball-like glomeruli found in the
olfactory bulbs,

Formation, Prepagation, and Perception
of Olfactory Impulses

The neural component of olfaction stans when
wdorants bind 1o speeific recepror sites in the cili-
ary process of olfactory recepror cells, This proces
favours odorants that meer two eriteria: (i) they
must be sufficiently volatile o enrer the nasl
caviry with inspired air and (ii) they muast e sulffi-
ciently water-soluble ro be dissolved by the mucous
secretions of the supporiing cells. The binding of
odorants leads to a Geprorcin-linked cyelic adeno-
sine monophosphare (cAMP) dependent cascade
Wi!hil'l I|1.|: nll’a:,-mr:.- rCCepior r;c'”\.. It ||.'s||||:~ in the
opening of nen-specific cation channels, which in
turn cause a depolarisation of the membrane, and
generation of an action potential. This is relayed
through the cribriform plare 1o synapse within the
glomeruli, from which second-order mitral cells
propagate the impulses o one of two main destina-
tions: they may either pass through a subeortical
route towards the limbic system, found especially
in' the lower-medial aspects of the remporal lobe
(primary olfactory cortex), or course through the
thalamus to the cortex. While the limbic connee-
tion explaing the close link berween olfaction and
behavioural adaprations such as those evident
during mating, feeding, and dirccrion orienting,
the cortical connection subserves the vital fune-
tions of conseious pereeption and fine discrimina-
tion of smell.

Taste

Taste (gustation) is the ability o recognise liquid
phase stimuli and serves vo communicare informa-
tion regarding the chemicals which comprise
ingested food and medicines. The combined sen-
SOrY cxperience of taste and smell, along with the
input from the erigeminal general sensory fibres.
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Source: Tortora and Derrickson (2013).
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Figure 23.5 (a) Location of oliaclory epitheliem in nasal cavity, (b) Anatomy of olfaciory receplor calls, consisting
ol first-order neurons whose axons extend through the cribriform plale and terminale in the oactory bull.

determines the flavour” of ingested substances. Five
basic taste sensations are recognised:

* Salt = such as jonised sales .. sodium chloride.
* Sweet — such as sugars, glycols, aldehydes, ketones,
and some amino acids,

* Sewr — such as cirric acid, relared ro hydrogen ion
concentration and degree of dissociation.

* Birter — such as alkaloids (quinine; caffeine, nico-
ting), wrea, and nitrogen.

* Lhmami (savoury) = such as glutamic acid and
monosodium gluramare phosphate present in meac
brath and fermented products.

The taste of ingested food along with the smell,
texture, remperature, sight, and sounds of food
preparation promote salivary sccretion and prepare
the gastrointestinal tract (GIT) for the digestion of
food. Taste also serves o identify potentially harm-
ful substances and, theretore, canalso be considered
to pravide protection.

Taste Buds

Taste is a function of the taste buds, and in humans
their number is usually berween 2000 and 5000 buc
may be up to 10000, Although taste buds are present
in several locations, raste perceprion mainly involves
the taste buds present on the upper (dorsal) surface of
the rongue. The mste buds on the lingual dorsum are
assaciated with mucasal projections, namely fungi-
Form, faliare, and cireumvallate papillae (Figure 23.64
and b). The filiform papillae, although most numer-
ous, are lined by keratinised stratified squamous epi-
thelium and do not contain taste buds. The filiform
papillae perceive touch, temperature, and nocicep-
tion and function as part of the masticatory niscos.
Taste receptors expressed in other locations through-
our the body, including the palate, epiglontis, upper
airways, and pharynx serve o protect the airway by
initiating the cough reflex following an accidental
entry of food. Moreover, bitmer and sweet raste
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receprars in the airway are capable of sensing bacieria
and modulating innate immuniry.

Each taste bud is an oval (barrel-shaped) strucrure
embedded in the mucosa and is formed by a group
of 50-100 neuroepithelial cells (Figure 23.6¢ and
d). Each raste bud is separated from the underlying
connective tissue by a basement membrane and rer-
minares in a depression (taste pit) just beneath the
surface of the mucesal epithelium. Microvilli from
the gustatory cells project through a small opening
(raste pore) in the taste pit and communicare with
the exterior. Terminals of the Fustarory alfercit
nerve endings enter the base and distribure amongst
the cells of the raste buds for synapric transmission.

Based on their morphology and protein expression,
pustatory cells are caregorised into three ool gypes:

* Tipe [ (Ghal) Cells: Characterised by an electron-
dense cytoplasm and clongare, pleomorphic nucled,
these eells are believed o have glial-like functions
and are thought to transduce salty raste.

. T};J‘rr' I (Feceptor) el Consist of electron-lucent
cytaplasm and large ovoid nuclei, these cells express
G-prowcin-coupled receprors (GPCRs) ro mediae
swieet, wmami, and birter rastes. These cells secrete
adenosine triphosphare (ATP), which excites sensory
affercne fibres and adjacent presynapric taste cells.

* Type [ (Presynapeic) Celle: Ultra-structurally, these
cells are intermediate berween rype [ and type 1 cells
and possess synapses. They release serotonin, norepi-
nephrine, and gamma-Aminobunyric acid (GABA).
They primarily serve to transdisce sour taste bur also
respond to sweet, bitter, and umami raste through
cell-to-cell communications with the recepror cells.

Taste Mechanism

The raste stimuli are carried by the saliva to the apical
part of taste ecll membranes, which possess 2 variety
of receprors, such as GPCRs and voleage-gated ion
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channels, Taste stimuli interace with the apical mem-
branes of taste cells 1o alter the membrane potential.
Once formed, the gencrator porential is conducred
to the synapse and thence o the gustatory nerves
(Figure 23.7).

Gustatory innervation te the anterior two-thirds
of the tongue are derived from the chords pmpani
branch of the facial (CN VI nerve and diseribared
through the ngual franch of the mandibular nerve
(CN V). Gusttory innervation o the posterior
one-third of the tongue, as well as the cireumvallaze
papillac, is derived from the lingual branch of the
glossopharyngeal (CNIX), Finally, the inrersiel
Laryngeal branch of the vagus (TN X) nerve carries
the taste sensation from the base of the tongue and
epiglatris.

Gustatery input from the cranial nerves is
rransmitted to the ipsilateral nuclens rractus sofi-
sarins (pl. solitarii; taste nucleus) in the medulla
oblongata of the brainstem. The fibres relay in
the pons before being projected o the thalamus
{ventral posterior medial nucleus) and finally wo
the gustatory arca in the cerchrum (parietal and
anterior opercular insular cortex) to generate the
GIALC SCnsation.

Clinical Relevance

Hypogenwia (partial loss of tase) andfor dysgensia
{distorted raste) may be associated with xerostomia,
respiratory  infections, medications,  hormonal
changes associated with menopause, and nueritional
deficiencies (vitamin A, B, and #inc). Agewida (com-
plere loss of raste) is rare bur may result from damage
1o the lingual nerve (CN V) following rrauma and
surglcal interventions, such as removal of wisdom
reeth. This may lead 1o temporary or permanent loss
of general as well as gustatory sensation in one-half
of the tongue on the affected sicde.
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antigen presenting cclls 140
antigens 139
antihacmephilic fcor 150
angithrombin 111 150
3omic valve 3%
apixaban, 154
aplaseic anaemia 135, 151
apopiosis
aquaporning 105
arterial tree 50
arterics 48, 49
aspiration prcumaonia 72
aspirin 151, 205
asthma 61, G5
astrocytes 191
ATP 7. 16,59, 171
in muscle conraction 29
in transport ofcarbohydrares 102
atria 38
atrial natriuretic pepride (AMNP) 46,
121, 169
atrial svstole 44
arrioventricular bundle 41
arrioventricular node 39
atrioventricular valves 38, 35
artricion &4
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aursimmune haemolytic anaemia
135

aursimmune thrombocytopenic
purpura 151

autoimmunity 145, 146

autobopous cells &

auronomic nervows system (ANS)

42, 193, 209-14
actions of 214-15
anatomic organisarion of 20612
anragonisic functions of
sympathetic and
parasympathetic efferents
212,213
clinbeal relevance 215-16
dental local anaesthesia 216
dental local anaesthesia 216
parzsympacheric division 209, 21 f
sympathetic and parasympathetic
wone 212
sympathetic division 209, 210
axodermma 12, 20
axon terminals 20
axoneme 7
axons 11, 12

axoplasm 12, 19, 20

B cells 141-2, 144, 145
baroreceprorms 51, 52
basic life support (BLS) 46
basilar membrane 220
basophils 145
benign mucous membrane
pemphigoid 146
P-endorphins 205
Pelactam antibiotics 102
beta (1, P2) receprors 212
bicarbonate 71
bicuspid valve 38
bilateral adrenal hyperplasia 169
bile 99, 115
composition 99
funcrions 99
regulation 99
bile sales 655
bisphosphonates 178
blepharospasm 34
blood 51
bleod cells, production of
132, 133
composition of 131, 132
red blood cells 132-6
funcrions 135
disorders of 135-6

white blood cells 136-8
role ininflammadon 1367
characteristics and functions
of 137
disorders of 137-4
blood cells
production of 132, 133
red 132-6
whire 136-8, 137
blood coagulation tess 153
bleod doping, illegal 71
blood loss, anzemia and 135
Blaod [pressure 50
body region of scomach 86
balus 83
bone cancer 178
bﬂn:r' hbyu'll.th 219
bowlinum toxin 34
Bowman's capsule 121-2, 123
brachial plexus 199
brain 193-4
divisions 93
surface anatomy f94
brain natriuretic pl:pTidu:- (BN 46
Brainstem 193, 196
brainsem 193
breathing, contral of 73-7
clinical relevance 77
neural respiratory centres 747,
FETer )
dorsal respiratory group
(DRG) 74, 75, 76
pre-Botzinger complex
(pre=BOTC) 74, 75, 76
ventral respiratory group
(WRG) 74, 75, 76
peripheral and ceniral
chemoreceprors 734, 7
peripheral recepross 77
bronchi 60
bronchial iree GO
bronchoconstriction 61
bruxizm 34, 84
bulfering of saliva 94
bundle of His 41

Ceells 162
calcitonin 162, 178
actions of 182
repulation of 182
calcium
absorprion 104
as coagulation facror 150
transport of 104

calcium, blood
disorders of 178-80
inracellular 178
plasma 178
complexed o seoum
constituents 178
ionised 178
protein-bound 178
regulation of 177-8
calcium channel blockers 178
calmodulin 33
canals of Hering 114
(Candida 175
candidiasis (oral thrush) 95, 136,
146, 175
chrenic arrophic 175
capacitance vessels 48
capillaries 48, 49
carbaminchacmoglobin
(HLCO) 71
carbohydrare membolism 173
im lver 115
carbon dioxide
.'inllllfllil}' (]
transport in blood 71-2, 7
transport in RBCs 135
carbon monoxide iw:-i:-l.ll"li:lg?.!. 74
carbronic acid 71
carbonic anhydrase 71, 135
carboxvhacmoglobin 72, 135
carboneypeptidase 97
eardia region of stomach 86
carcliac arrest 46
cardiac cycle 43-5, 44
cardiac glycosides 17
cardiac indices 45-0
cardiac muscle 23, 24, 40
cardiac output 45, 50
cardiocytes 38, 40-1
cardiomyocytes 38
cardiovascular discase 151
cardiovascular system 47
carrier-mediated transpon 16
carrilage GO
catecholamines 212
catsper 185
C4+T helper cells 144, 143
CD8+ cyrotoxic T cells 145
cell 3-8
components 4—6
cytoplasmic organelles 67
inclusions 7
regeneration and repair 7-8
e 3



stem cells B
eypical 4
varictics of 4
cell body (somal 12
cell membrane 4-5, 5
central nervous system [L'NS:I il.
191=207, 192
cephalic phase of gasuric
secretion 97
cercbellum 193, 197
cercheal comex 83, 194
cerchral ischacmin 54
cerehral palsy 95
cerchbiral spinal fluid 194
cerebrovaseular aceident see stroke
cerebrum (relencephalon) 1934
lobes of 194, 195
C-fibres 13, 77
channel pratcins 4
cheek bone fraciure 199
cholsngioles 114
cholecystokinin 87, 99, 173
chaolestatie i.'lllmlju:r 154
cholesterol 4
transport of 102
cholesterol esterase 99
choline acerylransferase
({CHAT} 33
cholinergic neurons 212
cholinoceprors 212
clorelae teselineae 39
Christmas disease (haemophilia B)
1534
Christmas facror 150
chromafiin cells 212
chronic kidoncy discase 126-7
chiranic shstrucrive pulmonary
disease (COPDY G,
65, 70
Chvosrek’s sign 178
chylomicron 102-3, 115
chyme 86, 87, 104
chymotrypsin 97
clliated columnar epithelivm 59
circulation 47-55
classification 48
clinical relevance 54-5
cmﬂuh:iml amd t'tl:rinuly]ic
systems 51
dererminants of 50
determinants of arerial blood
pressure 501
fluid compariments of body
51-2

funcrional histology 48-50
thythmic contraction of heart 50
tissue fuid cxchange 534
wvariagions in mgi.ona] hlood
flow 51
circumvallate papillac 223
cirrhasis of the liver 116, 154,
169, 173
cisternac O
Clarke's column 197
classic hepatic lobarle 113=14
clopidogrel 151
coagutlation cascade 152
common pathway 152
extringic pathway 152
intringic pathoway 152
coagulation disosders 152-5, 152
acquired 154-5
genctic 1524
coagulation factors 51, 149, 150
coagulation system 51
cochlear apparatus 2210
cochlear duct 220
cochlear nerve 221
codeine 205
cocliac discase 106-7
cocnzymes 194
cafactors 104
colloid 163
colboid osmotic pressure 54
complement cascade 142
conduciance 16
conducting zone G0
cones 218
connective tisaue 4
Conn's symdrome 169
contact dermatitis 146
continugus conduction 20
contractile action porenials
42-3, 43
contractile cells 42
conperative binding 71
copula 162
corpus callosum 194
corticospinal trace 195
corticosteroids 138, 173
corticotrophs 161
mrrim:mpin-rd:ﬂ:inﬁ hormone
(CRH) 161, 168
contisol 166-8, 173
disorders nl‘m:m:'m. 168
regulation of 168
coargh receprors 77
cranial nerves 196, 197, 199
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dizstribution and clinical resting
of 200-2

neuropathics 34
cranigsaceal owillow 199
cranierabes 180
crecinism 165
cristas &
Crohn's disease 107, 146
crypts of Licherkiihn 105
Cushing’s discase 168, 173
Cushing’s simdrome 168
cyanosis 72
eycloaporine 127
cystating 43
cysternachyli 112
cystic fibrosis 173
cystimuria 107
cytokeratin 7
cytoplasm 12, 5-6
cytoplasmic organelles 6-7
cyroskeleral components 7

dabigacran 154
decidualisation 186
defaccation 88-9
defaceation reflex 89
T-dehydrocholesterol 178
dt]i‘p'trl woained |u':|]i.n5 174
dendrites 12
dendricic cells 140
deneal carics 94
deneal pain, Ell'l.}'ai'l.llog}' of 202-7
central ascending pain
meechanizsms and
tranzmission of pain 202-5,
maodubaion of pain 205
Fl:L'iII !:lall'l.“::rs N
cenmal descending pathway and
the endogenous opioid
mechanism 205=6
gare theory of pain
misdulation 206
miodulaion of pain 206
dentin-pulp complex,
regeneration of 7
dentine sensizivice 207
deoxyribonucleic acid (DNA) 3, 5
desmin 7
detergent function of bile salts 99
diaberes 54, 94, 127
dighetes indipidus 162
diaberes mellinus 1461734, 1582
type | linsulin-dependent) 173
type 2 161, 173
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diabetic ketoacidasis 174

dizphragm 61

diarrhoea 89, 105-6, 178

diencephalon 193, 195

diffusion cocfficient or constans 69

digastric muscle 82

digitalis 17

1,25 dihwdrowycholecalciferal 120,
178, 180

dipalmiroviphosphatidvichaoline 65

dipeptides 102

2 3-diphosphoglyeerare
(2.3-DPG) 71

diplopia 199

dipyridamaole 151

disseminared inravascular
coagulation (DIC) 154

disral comvoluted bule 124, 125

dorsal ham 197

douhls circularion 39

Down's srndrome 77, 95

drooling 95

‘dub’ heart sound 45

ducr of Bellini 124

dwarfism 162

dynorphing 205

dysgeusia 95, 225

dysphagia 86

dysrophin 28

car
anaromy of 219-20, 220
inner, structure af 227

effectors 11

electrocardiogram (ECG) 44

clectrochemical equilibrium 16

electrolyres in saliva 93

emphiysema 65, 69

emulbsifying funcrion of bile zales 99

enamel, remineralisation of 7

end-diastrolic velume 45

endocardiis 46

endocardium 37, 38

endogenous analpesic system 205

endomysium 24

endoplasmic reticulum (ER) 6
rough (rER) 6
smowah (sER) 6

endothelizl ADP-ase 145

endothelium 4%

end-svarolic volume 45

enkephalins 205

enteric nervous system 81, 82,

3, 212

enterohepatic circulation 104

enterohepatic systermn 48

cosinophilia | 37

cosinophils 145

ependymal eells 191

epicandium 38

epidermal -derived grovals ficeor
(EDGE) 93

epimysium 24

epinephrine 166

epistaxis 135

epithalamus 193

epi-thalamas 195

epithelium 4

cquilibrium (balance) 221-2

cquilibrium potential 16, 17

erythrocyres 132-6

erythrocytosis 136

enythropocisis 104, 120,
132-5, 134

crythropoictin 133

cukaryores 3

excirable cells 14

excitarion-contraction (E-C)
coupling 30, 31-4, 31, 32

expiratory reserve volume (ERV) 61

exrernal amal sphincrer 88

conernal elastic lamina 48

extracellular fluid (ECF) 12,
51, 162

compositien 16
distribution of ions in 16
eyeball, anatemy of 217-18, 218

EAST. acronym 199
facial nerve 196, 199, 201
facial paralysis 199

facter V11 152

factor X 152

facror X11 152

fainting reflex 216

fascicle 24

farry liver disease 115-16
felypressin 162

ﬁ:rrupurtin 104

fibrin 51

fibrinogen 132, 150
ﬁbri.nnl}'ﬁi.i 152
fibrinolytic system 51
fibrin-stabilising factor 150
fibrosis G2

Fick's Law 68
fight-or-fight respomnse 212

filerarion shics 122

firse pass metabolism 111

first-order neurons 204

Fitzgerald factar 150

feliate papillac 223

fellicle-stimulating honmane (F5H)
161, 184, 185

fooi processes 122

foramen caccum 162

forced expiratory volume in ane
second (FEY ) 61, 62

forced wiral E.'I|!I.'I.<‘i|:r {FViC) 61, 62

foreign body aspiration (FI3A) 72

fourth venricle 1946

free farry acids (FEAs) 115

fromeal lobe 194

fructone, transport of 102

functional resicdual capacinye
(FRC) G

fundus region of stomach 86

Fuﬂﬁil.“rl:l'l I.'K.I.l'l.lllul.' 223

G cells 96
gag reflex 86
galacrose, transpon of 102
gangrene 174
P juncrion E 1]
gas, armospheric
compositien 68
diffusion 675
gastric xcid 97
gaseric inhibitory pepride 87, 97
gastric phase of gasene secretion 97
j;.'l.il:'i.c socretion 95-7, W
control of 97
disarders of 97
functions
mucoars neck cells 95
oxyntic plands 95
parictal foxynrich colls 9%
praduction of 97
surface mucous cells 95
gastrin 87, 97, 173
gastro-ibeal reflex 88
gantrointeitinal oace {GIT) 24,
81-9, 82
digestion and absorprion 101-7
hormones 173
secretion 91
gastroeeesophageal reflux discase
(GORD) 85, 86, 97, 1587
genichyoid musele 82
gestational diabetes 173
gigantism 162
gingival blecding 127



globulins 132
glomenular basement membrane 122
glomus cells 74
ghossins 136
glossopharyngeal nerve 196, 202
glucagon 173
functions of 173
regulation of 173
glucocorticoids 1668
actions 166
plucase, blood
|'c3u|.1rinr| af 1 T1-5
levels 174
glucose, rranspore of 102
gﬂ-lltl'.v!rr-;ftp-rmhnl inul|inn|r4:|pj|;
peprids 87
gluease-6-phosphate dehydrogenase
deficiency (X-linked
inheritance) 13%
glucose tolerance, impaired 173
plucuronic acid 115
GLUT 2 102
GLUT 5 102
;I.'.E!.'l.‘ﬁ]ifl:di 5
glycolysis 171
glroproacing 5, 94, 151, 152
glvcosvlation 5
goitre 1G5
endemic colloid 165
non-toxic 165
Geolgi apparatus (GA) &
gonadotrophs 161
gonadotrepic hormones (GnH) 161
gonadoteopin releasing hormone
(GnRH) 161
graft-versus-host discaze 146
granulocyres 136
graneyme 136
Grave'’s disease 146, 165
growth hormone (GH) 161-2,
161, 173
hypersceretion of 162
hyposecretion 162
Erﬂwih-liurll|ia-|'|l:-||:|]:|i|.1iting
hormone (GHIH) 161, 161
grnwrh-hwnmm:-ml.:-.uing hormone
(GHRH) 161, 161
gustatory pathway 226
gy 194

haemochromatosis 173

haemocyroblasts 132

h:.emug]d:in 70,132
Foeal 71

haemegfobin A 135
haemoglobin F 135
haemoglobin 5 135
haemoglobinopathics 135
hacmophilia 152, 155-4
haemophilia A 153-4
haemophilia B 1534
haemorrhage 1545, 154
hacmorrhage, classification
of 154
haemorrhagic dhock §54-5
early compensated 155
early decompensated 155
progressive docompnsated 155
hasmosiderin 7
hacmostasis 149-51
pr'mlanl,r 151
secondary 151
tertiary 151
Hagerman {contact) feter 150
Haldane efece 71
halitosiz 9%, 127
Harrison's sulcus 180
Hashimoro's thyrabditis 165
hearing 219=21
formation, propagation, and
perception of auditory
impulses 2201
heare 376
cardiac chambers 38
cardiac contractiliny 42-3
cardiac cyele 43-5, 44
candiac indices 45-6
cardiac valves 38-0, 39
clinical reevance 46
conduction system 41-2, 42
funcrional histelogy 40-3
gross anatomy 378, 38
neurovascular supply 39
pulmonary and systemic
circulation 39, 40
SA node autorhythmiciey or
pacemaker activity 42-3
heeart rtrinp 30
helicorrema 219
hematopoietic stem cells 132
heparin 154
heparin cofactor 150
hepatic first-pass effect 112
hepatic firse-pass merabolism 115
hglutﬁis 116, 154
heparitis B 116
hepanitis C 116
heparocellular carcinoma 116
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hep:lnqr!r.- 1135, Fi3
apical domains 114
heparosplenomegaly 138
hereditary elliptocyrasiz 135
heredirary spherocyrosis 135
lering-Breusr reflex 77
heroin 205
hiatus hernia 8%
high-maolecular-weight kininogen
(HMWE) 150, 152
histidine-rich proteins 93, 94
HIV 137, 138, 146
helotranseobalamin 104
homeostasis 4
harmianes 159
human chorionic gonadotrophin
{(hCG) 185
human immunodeficiency infection
(HIV) 137, 138, 146
hiuman T cell leukaemia vins 138
hydrochloric acid 96
hydrochlorothiazide 175
hyvdrostatic pressure 54
25-hydroxycholecalciferol 115
Sehydroxyreypramine (5-HT) 206
hyperadrenocorticism 163
h}-p-n‘lf'.ﬂr:mmi:. 178, 182
hypercapnia 67
hyperemesis 157
hyperglycacmia 175
hyperkalacmia 19
hyperparathyroidism 127, 178, 182
hyperpitwitacizm 173
hypersensitive gag reflex 86
hypersensitiviny 145-6
Type 1= immediate 145
Type 11: antibady dependent
cell-mediated evtotoxicing
(ADCC) 145
Type 11 immune complex-
mediared hypersensitiviey
145
Type IV: cell mediared (delayed
type h}'lwmn:i‘ri.ﬁr‘ﬂ 1450
hypersplenizm 136
hypertension 54, 127
hyperthyroidism 165, 166
hypereentilation syndrome 178
hﬂ'rc'ﬁ'i.hmim;uis 2180
hypoadrenocoricism 135, 182
primary (Addison's disease)
54, 163
secondary 168
hypoalbuminaemia 111
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hypocaleacmia 178
hypochandrium 111
hypogeusia 225

hypoglossal nerve 202
hypoglyeacmia 174, 175
hypoparathyroidism 178, 182
idiopathic 182
infantile 182
postoperative 152
hypophyseal sralk 159
hypopituitarism 135
hyvpothalamic~hypaphyseal porral
vessels 161
hypochalamus 83, 193, 195
hypothyroidism 135, 165=6,
166. 178
iatrogenic 166
hypoviraminesis [ 180
hypovolaemic shock, restoration of
blood pressure in 53
hypoxia 67, 72
H-zone 25

I-bands 24
ibuprafen 205
ilencaccal sphincier 88
ileocaecal valve 88
ileum 88
immune system 13946
adapaive immunio 139, 141-5
innate immunity 139-41, /40
resolurion of immune
responses 145
immunodeficiency 146
immunaglobuling (lg) 142-3
IgA 93, 94, 115
IgE antibodics 145
1gG 142, 145
Fghd 142, 145
isaforms and functions
142-3, 143
iJ‘ll:nunnp‘:Tho]Ug}' I454
inactive regions 240
inclusions 6, 7
inconftinence §9
imcus 219
inflammarary bowel disease 89, 107
inhibin 184
innate immunity 139-41, /40
ANLIZEN FecOgmition, procesing
and presentation
140-1, 141
cellular components 140
cmllplmlmlu 141

humiaral COMponents 40
miechanical barriers 140
opsGnitation and
phagocyrosis 141
insulin
funcrions of 172-3
ﬂrbﬂll}'dn!n metabalism
172-3
far merabolism 173
proein merzbolism 173
regulation of 173
interatiial seprum 38
intercostals 61
interferon gamma ([FNy) 142
interleukins
1L-4 142, 144
IL-5 142, 144
IL-10 142
IL-17 142
IL-21 142
TL-22 142
intermediare filaments 7
internal anal sphincrer 88
internal capgule 194
internal elastic lamina 48
interneurons 197
interventeicular scpoom 38
intestinal g’:lbdt 105
intestinal juice 99
intestinal lipase 99
intestinal peptidases 99
inrestinal phase of gastric
seeretion 97
intracellular comparument 51
intracellular fluid (ICF) 14
compodition 16
distribution of ons in 16
inrravaseular Huid 51
inerinzsic facoor 96, 104
ion channels 14
ligand-gare channels
(ionocropic) 14
second-messenger gared channels
(merabotropic) 14
voltage-gared channels 14
iris 218
iren, transport of 104
ischacmic heart disease 46
i:.l:r-u:n:lnla.ri:}- 125
isovalumetric contraction 45

janndice 116, 136
jaw-closing muscles 3
jaw-opening muscles 83

kallikrein 93

kidney failure 127, 178

kin!ll.cy:... |n1|:.-'si|.1|u[;}' of 119-27
anatomy 119
hlood suppl_y 119-20, 123
Bowman's capsule 121=2, 123
functional hisology 120
funcriens 119
glomerular Gltration race 120-1
glomeruli 120
incernal stmeciure f22
Iymphatic drainage and

inmervation 120, 124
|:l|.n|||.'l filerate 122
repulagion of acikd base
balance 126G

renal elearance 125-6
renal tubular system 123-4
reinal uleralilirace 1201
selective reabsorprion 124-%

I‘i‘l“l':\' SONCs I H‘_'I

kidney transplant 127

J'i.ui'-Fﬂ-: cells 112,104, 115

labile Gacior 150

labour and coneractions T86-7F

lacrase, imeestinal 9%

laceation 178

lzcein 27

lactoderrin 94

lactose intolerance 107

lacrosrophs 161

|u.r|:;\c intestine {colon)
absorprion in 104=6
anatomy &8
movements of 88-1
struciure of JO5-6

larynx GO

lateral horme 199

lareral prerygoid muscle 32, 33

laeeral ventricle 194

leukacmia 138, 151

lthliﬁ-c:r[mh |56. IJ'."'

leukopenia 137

lignocaine 116

limhic system 205

lingual thyroid 166

lipase 93, 99

lipid merabolism in liver 115

]l'p-ﬁruw:in 7!

lichium 178

liver acinus 115

liver cancer 116

livwer ciethosis 116, 154, 169, 173



liver discase 154
liver failure 111, 116
liver function rests (LET3) 154
liver physiology 111=16
anmomy W12, 13, 14
Blood supply 112, 112
cxocring cutflow 113
funcrional histalogy 113-15
funcrions of liver 115
msctabolizm of bilinbin 115, 116
metzbolism of drugs 115
metabolism of suericns 115
innervasion 112-13
pl‘llsl: I reactions 112
phase 11 reacrions 112
liwee I!r.uupl.lm 116
Iocal anaeselverics 21
1:.1'-111 of Henle 123
“lub’ heart sound 45
lumbar plexas 199
hang fibrosis 65
famgs 5961
elastic recoil of 61
funcrion af 59
lung [l]l:ls.p].tnl:u:iml 7T
lu ng vodumies G1
luteinising hormaone (LM} 161,
184, 185
Iymphocyies 132, 142
lymphocytosis 137
I!rmpln.lp\:'niu. 138
lsosome 6, 93
lysoeyme 94

macroglossia 77, 146, 162, 165

macrophages 140, 145

major hisrecomparibility complex
141, 141

malaria 135

mealleus 219

maltage, incestinal 99

mass movemnents 88

masseter muscle 82, 83

hyperirophy of 34

mastication §2-3

masticatory muscles §2

mudial precypoid muwscle 82, 83

miezhully ablongara 196

Meisner’s corpuscle 13

Meissner's pleuxs 82

melanin 7

membrane ariack complex 141

membrane potential 16

menorrhagia 135

Merkel disc 14
mesencephalon 196
messenger BMNA (mRMA) 5
metabolic acidosis 126
metabolic alkalosis 126
metarterioles 51
micelles 95
microfilanents 7
microglia 191
micrombules 7
migrine ¥5
mincralocorticoids 166, 168-9
actions 1G5-9
mitochondria 6-7
miteal valve 38
mixed merves 199, 201
n1isj|1g. movements 55
M-line 26
monoecyres 136
morphine 205
maodlin 187
miotor el plare 14, 31
mator neurons 12,12, 13
muscons cells ™G
mucous glycoproteins 93
mucus 91, 105
multicellular organisms 3
mulriple sclerosis 21
multipotent cells §
MESCA NI feCe s e
misseles 4
clinical relevance 33-4
contraction 23, 28=30
mechanical aspecrs 28
molecular aspects 2830, 30
excitabiliny 23
extensibiliey 23
fibres 24, 27
relaxation of 30
rypes of 23-8
myasthenia gravis 334, 146
myclin |2
myelofibrosis 151
miyelophthisic ansemias 135
myenteric plexus 82
miylofiyvoid muscle 82
myyocandium 24, 37, 38
miyomernium 186
myasin 24, 33
structure 28
myxocdema 165

Mas-Re-ATPase pump 17, 102
naloxone 205

Index [ 235

naltrexone, 205
nasal vc.:.\'ir}- 0
nephrocalcinosis 182
nephron
functions 126
struciure of 724
nephrotic syadrome 169
Mermst cllu.1.1|'l;rr| 17
nerve fibres, peripheral
classilication of 12, 13
A-fibee afferenes 12
B-libres 13
C-fibire efferents 13
physiclogy of 14-19
nerve growth Berer 93
nerve impalses, transmission and
speed af 19-21, 20
nerve physiclogy, clinical
relevance 21
nervous system 191=3
divisions of 191, J52
pathways 193
nervous rissue 4
net filtration pressure 54
newral network 191
newralgia X1
newrolilaments 7
mewrogenic nerve impulse 30
newroglia 191
neuroplial cells 191
newrohypophysis 160
newromuscular junceion (NM])
30-3. 31
v romsenlar synapie 14
neurons 11, L2, 191
adrenergic 212
chalinergic 212
motor 12, 12, 13
second-onder 2005
sensory 121, 1.2
struciure 12
third-oeder 206
neurephysins 162
neutropenia 137
neutrophilia 137
neutrophils 136
niceinic acervicholine
teceptod 14
nicedinic receprors 212
nigric oxide 149
MK cells 145
nociceptive pain 205
Node of Ranvier 12, 20
noradremaline (norepinephrine) 166
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MEAIDs 205

nucleolernma 5

nuclealus 5

nucleoplasma 5

Ancleus 5

nucleus dorsalis 197

nucleus proprius 197, 206
nuclous tractus solitarius 76, 225

obesity 77. 85, 115, 166
ohesity hypoventilation
androme 77
obstructive respiratory
discase 61
obstnsctive sleep apnoea 77
occipiral lobe 194
oculomotor nerve 200
oodema 54, 77
osstradiol 184
ocstrogen 184, 186, 187
olfsction 222-3
formarion, propagation, and
perception of olfactory
impulses 222
olfactory appararus 222
olfactory epithelium in nasal
caviry 223
olfactory nerve 200
oligadendrocmes 191
ancotic pressure 54
opioids 205
opsonisation 141
optic disc 219
optic nerve 200, 218
opric radiations 219
oral ulceration 127, 136
argan of Comi 220
erganclles 6
orthostatic hypotension 54
osmolarity 16
osmotic diuresis 173
osteamalacia 180
orolith organs 222
otoliths 222
ouabain 17
oval window 219
ovarian cycle, monthly 184-6
fertilisation 186

hormonal secretions by the HPA

1845, I85
ovulation 184-5
transpore of ovum 1856
uterus and endometrium 186
oxidarive phosphorylation 7

DXYREN
diffusion across alvelar-capillary
membrane 69, 69
solubilivy 69
transport in blood 70-1, 135
oxygen dissociarion curve 70, 70
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