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PHYSIOLOGY

FACULTY OF PHARMACEUTICAL SCIENCES
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LECTURE 12: RESPIRATORY SYSTEM




Objectives

1. Discuss structures of the respiratory system.
2. Describe pulmonary ventilation.
3. Explore lung volumes and capacities.

4. Discuss exchange of oxygen and carbon dioxide as well
as transport of both.

5. Describe control of breathing.
(Pages 856- 876 of the reference)




' THE RESPIRATORY SYSTEM

. A e (51 (o8 (adlll Sleadl aalowy .
The respiratory system contributes to homeostasis by:
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- Providing for gas exchange: intake of O: for delivery to body
cells and removal of CO:2 produced by body cells.

ol Sl aall (53 Laganll Loy aulii b Buc Ll

- Helping in regulating blood pH of body fluids.

- Contains receptors for sense of smell, filters inspired

air produces vocal sounds (phonation), and
il s s ol lsgll Bask e sl 5ol oLl L0sS (o pan paliny
excretes small amounts of water and heat.




STRUCTURES OF THE RESPIRATORY SYSTEM

The upper respiratory

system _includes the
nose, nasal cavity,
pharynx, and associated

structures; the lower

respiratory  system
includes  the larynx,
trachea, bronchi, and

lungs. (] gt (¥ il ity glall el Sleall
oty (gead il lgadl J8Y T (USLgdl 4 basiyy Log cagalal]
Ol s dilsgd]) cadly dilsgd] duadll 8 jaall

Nasal cavity

Nostril
Oral cavity
Larynx
Site of carina
Right primary
bronchus
Left lun
Right lung o
Diaphragm
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Larynx
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primary bronchi
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Pathway of Air/ O,

+*Nose — external nares — nasal cavity — internal nares
J

+* Pharynx — nasopharynx — oropharynx — laryngopharynx
4

«» Larynx — epiglottis — larynx
J

*» Trachea — trachea
J

< Bronchi — primary bronchi — secondary bronchi — tertiary bronchi — bronchioles
J

s Lungs — alveoli — blood stream




PULMONARY VENTILATION

The process of gas exchange in the body, called respiration, has three basic

steps: ., o ilsgll cdlmsall 5 ol B G <lsgll ol ole sk clell (3811) Lai3ll 5 (B81) BLasioad ] 5o (bl 51 sl &gl

1. Pulmonary ventilation or breathing is @ ENEEEIIEEIENEND

GIAEEINEEED ) of air and involves the exchange of air between the atmosphere and the
alveoli of the lungs. skl e Ll Gsodll Bladll (08 plly il (od Lilsgll S luagsall i LT JalS 5o (@sb]) BT pudidl
ol gsionn S ST (B iy 02 5l il aall oS land] sia b ol goundill
2. External (pulmonary) respiration, is the exchange of gases between the
alveoli of the lungs and the blood in pulmonary capillaries across the respiratory
membrane. In this process, pulmonary capillary blood gains Oz and loses COx.

HT'J.A-II (5\53-“‘-6 L) () L)
3. fnternal (tissue) resplratlon, is the exchange of gases between blood in systemic
capillaries and tissue cells. In this step the blood loses O2 and gains CO2. Within cells, the
metabolic reactions that consume O2 and give off CO2 during the production of ATP are

termed CElIARTESpITAtONIID tissue cell ol 02 oluss o N\

tissue cell ;o CO2 ixgs
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PULMONARY VENTILATION

v In pulmonary ventilation, air flows between the atmosphere

and the alveoli of the lungs because of alternatin ressure
differences created by (GG

v The rate of airflow and the amount of effort needed for
breathing are also influenced by alveolar surface tension,
compliance of the lungs, and airway resistance.

Pressure e Jiiu ol atmospher e Jaus ¢lga
o ole¥l ogiine Air insid lungs ;<o G lUNGS

J5Y1 g gl &8 pressure (o Jil g
atmosphere
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PRESSURE CHANGES DURING PULMONARY

VENTILATION

= Air moves into the lungs when the air pressure inside the lungs is less thari*ti

air pressure in the atmosphere. Air moves out of the lungs when the air

pressure inside the lungs is greater than the air pressure in the atmosphere.
(aLel¥ 1) BLasiu b Ludiill oy
B J3T Wlegd) clasall YAl baaall moiay &1 a5 () \9'6-”;93“"“6‘5">
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> Breathing in is called inhalation (inspiration). =~ = © 77 LT T T

» For air to flow into the lungs, P ICsSUICHRSICINCIAIVEOMUSHDCCOMEIOWCT
tiEnteatmosplhietieipressumemh s condition is achieved by increasing the

size Of the lungs. < lle container ¢ volume IS 15
o Juls 5Le & pressure

»The pressure of a gas in a closed container is inversely

proportional to the volume of the container. This inverse relationship
between volume and pressure, called Boyle’s law.




PRESSURE CHANGES DURING PULMONARY

VENTILATION
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»Differences in pressure caused by changes in lung

volume force air into our lungs when we inhale and out
when we exhale.

»For inhalation to occur, the lungs must expand,
which increases lung volume and thus decreases
the pressure in the lungs to below atmospheric
pressure.
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MUSCLES OF INHALATION AND EXHALATION

Volume &5 lungs

. MUSCLES OF EXHALATION

During normal, quiet sies wusotes of wwauaron [

° ° ° ANE
lnhalatlon, the dlaphragm ;jAj;‘t@;ﬁ&mnoclmdmmslom

and external intercostals =™ TN\, =
contract, the lungs expand, *==,, M TG,
. . é"'“‘9'“‘AM'IIu'llercostals i, ) == |
and air moves into the lungs; ;. N '

1 A " 4 _ (E)éternal

Volume 3
Ry (il () els¢d IDiaphragm

wgsiduring  normal, quiet
exhalation, the diaphragm ..o

claall il cgagl]

and external intercostals ... ..

Internal

relax and the lungs recoil, ...y, | - Tanevecaus
. . wle clsgll Ll =& Rectus
forC1ng alr OUt Of the lungs. u’u—u-” e Tl Muscles of inhalation and their actions (left); o

musclas of exhalation and thelr actions (right)



ACthC relaxation for jias ;5o

O lcac ua\.}ﬁ.u\ A Passive & T Il s diaphragm

o2l Hls sa Air 1s FHLOY TN SR JPRLTRLLE
J3 wixs diaphragm drawn in Alr forced out 0o Goten padl ana Il 3
" < O ks ol b

load Ty oo = lsgd) J8i T

Mechanism of breathing human beings
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PRESSURE CHANGES IN
PULMONARY VENTILATION

Atmospheric pressure = 760 mmHg

Atmospheric pressure = 760 mmHg

During inhalation, the
diaphragm contracts, the chest /

expands, the lungs are pulled | gLl " I Sy
N~ ."("‘, '7:'5%:% iz'? | | ¢ ‘_\‘ ‘ 7 \ '?;s,sn",fH;
outward, and alveolar /| J s
(lntrapulmonlc) ﬂ pressure 1. At rest (diaphragm relaxed) 2. During inhalation (diaphragm contracting)
d lungs ls> gsage obs 134 Tor ol aaalle his J3
ecreases. ‘\ P — / o el il
. . Volume Js L
During exhalation, the Jo-

. salll olaadl y '/
diaphragm relaxes, the lungs .wicu. |

° o dl alas,Yl [
recoil inward, and alveolar ..., .. | |

° ° ° . . “‘\,, / | 756 mmHg : [ Lsaa JIJ
pressure increases, forcing air - <> L sy

Out Of the lungs. W:‘)“ 3. During exhalation (diaphragm relaxing) |)_3.|

Intrapleural
pressure =




MUSCLES OF INHALATION AND EXHALATION

» Because air always flows from a region of higher pressure to a region of lower
pressure, inhalation takes place. Air continues to flow into the lungs as long as a
pressure difference exists.

» During deep, forceful inhalations, accessory muscles of inspiration
also participate in increasing the size of the thoracic cavitys= < #» =5l o=

» The muscles are so named because they make little, if any, contribution during normal
quiet inhalation, but during exercise or forced ventilation they may contract

vigorously. = The  accessory muscles of inhalation include  the

‘ : Liua Jis o pmadl fpas
sternocleidomastoid muscles. 777"

» Because both normal quiet inhalation and inhalation during
exercise or forced ventilation involve muscular contraction, the
process of inhalation is said to be active.
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Pressure ssass
ls> (lungs)

EXHALATION

elae LIS nsS
» Breathing out, called exhalatlon (explratlon) is also due to a pressure
gradient, but in this case ' : The pressure

in the lungs is greater than the pressure of the atmosphere. Normal
exhalation during quiet breathing, unlike inhalation, is a passive

process because GliliStllaNcoRFaGHERSETERRGIND d .

» Instead, exhalation results from elastic recoil of the chest wall and

lungs, both of which have a natural tendency to sprmg back after

Jae ol Leadls | g saeallluad ool STyl e iyl @i celli oye You
they have been stretched. s e N b
pAses wall oo

» Exhalation starts when the inspiratory muscles relax. As the diaphragm
relaxes, its dome moves superiorly owing to its elasticity.

igye ot Bpite S € dyals Tl Salall olaall i Letl] Slanll i i Lesie 53l o
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OTHER FACTORS AFFECTING

PULMONARY VENTILATION

Jans ole (ooaT dalse 555 T3 cell aag « puidlly BLisiio¥ | oL3T clsgdl 385 @i clsgdl bies SLEAT ol ¢ sill cualai LS
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As you have just learned, air pressure differences drive
airflow during inhalation and exhalation. However, three
other factors affect the rate of airflow and the ease
of pulmonary ventilation: surface tension of the
alveolar fluid, compliance of the lungs, and airway
resistance.




L surface tension Ja s
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SURFACE TENSION OF ALVEOLAR

FLUID

> A thin layer of alveolar fluid coats the luminal surface of alveoli
and exerts a force known as surface tension. oo e ba sl

sizelungs  exhalation
» During breathing, surface tension must be overcome to expand the lungs during
each inhalation. Surface tension also accounts for two-thirds of lung elastic recoil,
which decreases the size of alveoli during exhalation.

» The surfactant (a mixture of phospholipids and lipoproteins)

present in alveolar fluid reduces its surface tensmnf\)jf;; ;:o;‘:“f“’“‘

Sae gal
» A deficiency of surfactant in prefiﬁfL ure infants causes respiratory distress

syndrome, in which the surface tension of alveolar fluid is greatly increased, so that
many alveoli collapse at the end of each exhalation. Great effort is then needed at the
next inhalation to reopen the collapsed alveoli.
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Elasticity .l
Compliance le!
lungs , chest well expanded le!
surfece tension Js!

Compliance ,surface
tension : Loo.Se @Ml
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COMPLIANCE OF THE LUNGS

v Compliance refers to how much effort is required to stretch the lungs and chest wall.
4.'\9.@_4.44_\ uLﬁ.«.u\}.\_x ‘)_L«.A.” |A>§ u’u_\).“ QI 6"‘““ LS"”"‘” JEaYI

v" High compliance means that the lungs and chest wall expand easily.
sl (ygaglis il (gian JELY T L2 lans)

v Low compliance means that they resist expansion.

condanadl gl Lol iopeasty plolas JERaY | iy coniiy)) o8
v" In the lungs, compliance is related to two prmapal factors: elasticity and surface tension.

expand gs Luyb e

v" The lungs normally have high compliance and expand easily because elastic fibers in lung tissue are
easily stretched and surfactant in alveolar fluid reduces surface tension. /

ool 361 e gaieall S5l 58 gl Je Ll iy g g Sias oot D)) daeasl 58 L0 GLIYT Y Usgeas gy ol JERaLs 511 @ Lo Bule

v Decreased compliance is a common feature in pulmonary conditions that (1) scarlung tissu
(for example, tuberculosis), (2) cause lung tissue to become filled with fluid (pulmonary edema)/é?
produce a deficiency in surfactant, or (4) impede lung expansion in any way (for example, paralysis of
the intercostal muscles).
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AIRWAY RESISTANCE

¢ Like the flow of blood through blood vessels, the rate of airflow through the airways
depends on both the pressure difference and the resistance.

Aaslall gle Logeuiio S5l i3I 5 Lilogd) e lmysndl s laieall 3,8 S slowy <lsgd] 335 %
“*Airflow equals the pressure difference between the alveoli and the

atmosphere divided by the resistance.

G 15 o sl a1 gl s 5 asaal] Lumlig lgell okl (oo puidh
* The walls of the airways, especially the bronchioles, offer some
resistance to the normal flow of air into and out of the lungs.

LAl a0 L] o] il o o et Sl 5 Ll LT ) st o

“*As the lungs expand during inhalation, the bronchioles enlarge because

their walls are pulled outward in all directions. Alr way resistance Jola 3%
4lee exhalation

.. [} [} .
Jkargendiametenainwaysihaverdecreasedmesistanes. .o b s
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AIRWAY RESISTANCE

» Airway resistance then increases during exhalation as the diameter of

bronchioles decreases. Airway diameter is also regulated by the degree of
contraction or relaxation of smooth muscle in the walls of the airways.

aglall Galaaily Lileed| coadtl] ansi (o) Suhs Los colialll liall sia elssienl allsill s GulU gamall Sleall Gusll areill oo ol L)
%+ Signals from the sympathetic division of the autonomic nervous

system cause relaxation of this smooth muscle, which results in bronchodilation

and decreased resistance. Ll e w3l ash Enms lag il sl L lsgll Gl 3t o 3ot Ula gToe
((COPD) syodll @gisll alucai¥l ase o1 s ll 57) elsgd] 3isi Luds ole Laliall

* Any condition that narrows or obstructs the airways increases

resistance, so that more pressure is required to maintain the same airflow (i.e.
asthma or chronic obstructive pulmonary disease (COPD)).




LUNG VOLUMES AND CAPACITIES

v While at rest, a healthy adult average (i SISISaINSEIIRNE ith each inhalation and exhalation
moving about 500 mL of air into and out of the lungs. 500 [salles ols Loa 5 slas oly uds Loa

(VT) soadly sl ana aaly (udi ana o
v' The volume of one breath is called the tidal volume (VT).
yally bl s (o8 Ligyeas Ludiill Juas ga - 8ss US 5udilly sabsioall elogll ann (olloal - (MV) dassall &gl
v The minute ventilation (MV) —the total volume of air inhaled and exhaled each minute —
is resplratory rate multlphed by t1da1 Volume

4 wm E | wm MV = é h::::;tl:lj[/]nnn X 500 mL/breath
,ﬁﬁjb‘sx@dlﬁlm‘l@kdwwmﬁ Lol bl s Jaddl gy v e JSY T ARG Lggall 065

v Lower-than-normal minute ventilation usually is a sign of pulmonary malfunction.

" The apparatus commonly used to measure the volume of air exchanged during breathing and
the respiratory rate is a spirometer or respirometer.
v" The record is called a spirogram. Inhalation is recorded as an upward deflection, and exhalation

sale
b (al |

is recorded as a downward deflection.




Figure 23.15 Spirogram of lung volumes and capacities. The average values for a healthy adult male and female are indicated, with
the values for a female in parentheses. Note that the spirogram is read from right (start of record) to left (end of record).

@~ Lung capacities are combinations of various lung volumes. x| o561 Juls dilae el LIS I Lok say b dils culy Lo S

6000 mL
Inhalation
5000 mL
INSPIRATORY INSPIRATORY VITAL TOTAL
RESERVE ) CAPACITY  CAPACITY LUNG
\;%Om:f Exhalation 3600 mL 4800 mL CAPACITY
(2400 mL) (3100 6000 mL
4000mL | 60 muy — (4200 mL)
2000 mL
TIDAL
VOLUME 500 v e
EXPIRATORY
2000 mL F\‘,%sfx End of Start of
1200 mL record record . NGTIONAL
(700 mL) RESIDUAL \
CAPACITY

1000 mL | RESIDUAL 2400 mL

S200mL (e my

(1100 mL)

LUNG VOLUMES LUNG CAPACITIES (combinations of lung volumes)
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LUNG VOLUMES AND CAPACITIES
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v Tidal volume varies considerably from one person to another and in the same

person at different times.
semalil ] lgall Bl Jadlly sy il B8l (06 <ol ana s Laidl Lisgil] Joas

v The alveolar ventilation rate is the volume of air per minute that actually reaches
the respiratory zone. 2SI (i ST plan¥ 038 ple St .l il 3l Lk (5,21 ol plaa o spsnll sl

SLhhay ] S5 a3 | LSy und¥ ) L5 (B LY b yialy L sia¥l alllly Job¥ T al,Y
saally shlly uiall 2 oll Ladsills dladll dunslel ol 85050 JSA con Lot oy Loyl bl

v" Several other lung volumes are defined relative to forceful breathing. In general,
these volumes are larger in males, taller individuals, and younger adults, and smaller
in females, shorter individuals, and the elderly. Various disorders also may be
diagnosed by comparison of actual and predicted normal values for a patient’s

gender, height, and age.

v Lung capacities are combinations of various lung volumes. &l @l abasd oo mie ga )1 claw



ana s (3addicad | clogll o8l 1ia . Je 500 oo ST oo HaiSI Blaiiol ofiSay Jua Buae udl JAT JMA oy
Aacugio G T o o 19005 AL S bacasill o3 Jo 3100 (o dlsn o2 ¢ Gagtl] o bLisY)

S *mg additional
inhaled air, called the inspiratory serve volume, is about 3100 mL in an average

adult male and 1900 mL in an average adult female. - ‘
Gl le TyaB 355 5 Gt s ST a8 88l o) 2 Comaake S B K 13] o6 ol padil) e SLASEAT IS 13] clsgll cpo a3k BLitiieal (S
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Even more air can be inhaled it inhalation follows forced exhalation. If you inhale normally
and then exhale as forcibly as possible, you should be able to push out considerably more
air in addition to the 500 mL of tidal volume. The extra 1200 mL in males and 700 mL in

females is called the expiratory reserve volume halation . I exhalation el 13

Bale . ouad¥ Flatind] an sga ouadls Saals Ll 68 Gl e 83l 55 0T oS @Al elsgdl ana sa (FEV1.0) danls 456 od el ;0] ana
sl some Laslie o okl sl slad¥l (o 5e wyhe O FEV1.0 e S Ui (COPD) eidl il slacadl (350 JIa,

The forced expiratory volume in 1 second, (FEV1.0) is the volume of air that can be

exhaled from the lungs in 1 second with maximal effort following a maximal inhalation.
Typically, chronic obstructive pulmonary disease (COPD) greatly reduces FEV1.0 because
COPD increases airway resistance.

|74
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LUNG VOLUMES AND CAPACITIES

. 7 . . A
Even after the expiratory reserve volume is exhaled, considerable air remains in
the lungs, is called the residual volume and amounts to about 1200 mL in males

and 1100 mL in females. lUNgS 3 sase Jud paall 1ia oo,
Expiratory reserve volume Jec! of s

Inspiratory capacity is the sum of tidal volume and inspiratory reserve volume

(500 mL + 3100 mL = 3600 mL in males and 500 mL + 1900 mL = 2400 mL in
females). 3100 + J« 500) agtdl pblia¥l anay s3alls all ana £ sans o8 Ligtd| 3,301
(8L g Jo 2400 = Jo 1900 + Jo 5005 1Sl o3 Jo 3600 = Jo

dal] L aell dadll
Functional residual capacity is the sum of residual volume and expiratory

reserve volume (1200 mL + 1200 mL = 2400 mL in males and 1100 mL + 700 mL =

1800 mL in females). + Jo 1200) (bl ana a3l o8ll aaaldl £ gans (oa LAl Ldalagl] Lol
(&Y e Jo 1800= Lo 700 + Jo 11005 1Sl 5 o 2400 = Lo 1200




LUNG VOLUMES AND CAPACITIES
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o Vital capacity is the sum of inspiratory reserve volume, tidal
volume, and expiratory reserve volume (4800 mL in males and 3100
mL in females).

o Finally, total lung capacity is the sum of vital capacity and residual
volume (4800 mL + 1200 mL = 6000 mL in males and 3100 mL + 1100
mL = 4200 mL in females). ,

+ e 4800) poall Lladly Lgeall ol £ pane 32 Ed1 B lan] ]

(&0Y) o Je 4200 = s 1100 + Je 3100 <l oé Jo 6000 = J» 1200




TS RV RPRLFRVENR S JRY R S

EXCHANGE OF OXYGEN AND CARBON DIOXIDE
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o The exchange of oxygen and carbon dioxide between alveolar

air and pulmonary blood occurs via passivegdiffusiomywhich is

governed by the behavior of gases by two gas laws, Dalton’s law and
Henry’s law.

Gty SLERY T Bk e pge Tealall Linall sl Gada Sl has TS agdl age (sills (58
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o Dalton’s law is important for understanding how gases move
down their pressure gradients by diffusion, and Henry’s law
helps explain how the solubility of a gas relates to its diffusion.




GAS LAWS: DALTON’S LAW AND HENRY’S LAW
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v’ According to Dalton’s law, each gas in a mixture of gases exerts its own
pressure as if no other gases were present.

v The pressure of a specific gas in a mixture is called its partial
pressure (Px).

Al Lshall JS L] Gaslo e dolngy ball (G Ldall Gloas o3,
v' The total pressure of the mixture is calculated simply by adding

all of the partial pressures. (A0 cs¥5(02) caasils (N2) gimgiall - 2Bl oo bl 5o goall el
Loy o) BLAYL (H20) sl Sy cye 85uite SLaS ((CO2) (youSI nST il

8ymiie SLaSs Sgasll oI5l
v Atmospheric air is a mixture of gases—nitrogen (N2), oxygen (Oz2), argon
(Ar), carbon dioxide (COz), variable amounts of water vapor (H20), plus other

gases present in small quantities.




sy ol Gkl oo S LG eliie yae 5le US Sty acadl WA 5 adll G ‘,,mwm,uuu (s S eadl (G s CO2,5 02 i )a Liyall Lagiall sin sual
ol Ly Jase IS LS« oSyall i 3T o3all dhiis Lewd o o) Tl e LT o3all binall L

GAS LAWS: DALTON'’S LAW AND HENRY’S LAW
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o We can determine the partial pressure exerted by each

component in the mixture by multiplying the percentage of the

gas in the mixture by the total pressure of the mixture. Atmospheric
air is 78.6% nitrogen, 20.9% oxygen, 0.093% argon, 0.04% carbon dioxide, and 0.06%
other gases; a variable amount of water vapor is also present.

¢ sl (diffues) oK LK el ( difference in the partial pressure) K LK
These partial pressures determine the movement of O2 and CO2 between the

atmosphere and lungs, between the lungs and blood, and between the blood and
body cells. Each gas diffuses across a permeable membrane from the area where its
partial pressure is greater to the area where its partial pressure is less. The greater
the difference in partial pressure, the faster the rate of diffusion.
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GAS LAWS: DALTON'’S LAW AND HENRY’S LAW
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o Compared with inhaled air,
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Henry’s law states that the quantity of a gas that will dissolve in a liquid is

proportional to the partial pressure of the gas and its solubility. In body
fluids, the ability of a gas to stay in solution is greater when its partial pressure is
higher and when it has a high solubility in water. The higher the partial pressure
of a gas over a liquid and the higher the solubility, the more gas will stay in
solution. In comparison to oxygen, much more COz2 is dissolved in blood plasma
because the solubility of CO2 is 24 times greater than that of O2. Even though the air
we breathe contains mostly N2, this gas has no known effect on bodily functions,
and at sea level pressure very little of it dissolves in blood plasma because its

solubility 1S Very low. Joas 53l 5le 3,08 calK LK (e l( partial pressure) « olel Ul od 561 L3515 K LK
S| solution s
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EXTERNAL AND INTERNAL RESPIRATION
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o Pulmonary gas exchange is the diffusion of Oz from air in the

External respiration

alveoli of the lungs to blood in pulmonary capillaries and the
diffusion of CO: in the opposite direction.

o Respiration in the lungs converts deoxygenated blood (depleted
of some O2) coming from the right side of the heart into

oxygenated blood (saturated with O2) that returns to the left side

of the heart. o ¥l ilall e Tasldll (02 Ly oo aiiieall) crmesY 1 ¢ s3ie aall dyms crSioll (o el
Bl o a1 el ] sy @1 (02 o et sl pll (o]




EXTERNAL AND INTERNAL RESPIRATION
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d The number of capillaries near alveoli in the lungs is very large, and blood

flows slowly enough through these capillaries that it picks up a maximal
amount Of Oo. Lgoall 8y5all o US UM (o de s ST andl 380y (oaldl) @ Bl 8l Losie o(g98l) o ol < LS5T
el Bustoll Dol el yatll (o pull yge iy celldl A ughlly Tjleal!

d During vigorous exercise, when cardiac output is increased, blood flows more

rapidly through both the systemic and pulmonary circulations. As a result,

blood’s transit time in the pulmonary capillaries is shorter. ===k Ssdal boin
P y cap e

O In diseases that decrease the rate of gas diffusion, however, the blood may not
come into full equilibrium with alveolar air, especially during exercise. When
this happens, the PO2 declines and PCO2 rises in systemic arterial blood.
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EXTERNAL AND INTERNAL RESPIRATION o
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< The left ventricle pumps oxygenated blood into the aorta and
through the systemic arteries to systemic capillaries. The
exchange of O2 and CO2 between systemic capillaries and tissue
cells is called internal respiration or systemic gas exchange.
a1 €350 03 6l S ] g s ] (g me O2 il Lo
% As O2 leaves the bloodstream, oxygenated blood is converted into
deoxygenated blood.
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< Unlike external respiration, which occurs only in the lungs,
internal respiration occurs in tissues throughout the body.
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EXTERNAL AND INTERNAL RESPIRATION
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* The PO2 of blood pumped into systemic capillaries is higher (100 mmHg)
than the PO2 in tissue cells (40 mmHg at rest) because the cells constantly

i |
use 02 to produce ATP. Tissue cell]
a1 Lo oY LGSl s a3¥ 1 (o8 (50 SIS (3B 5ty o) WA o) oleall Lgadl] Sliiatl] 50 02 iy LaSYstemic

(35 e 40) 2o Lyleadl Lgodl Shuatll o olel (Fal)ll wie 3455 aa 45) WAL PCO2 (50 <l sk 36 ety guiFapillaries
«  While Oz diffuses from the systemic capillaries into tissue cells, COz2 diffuses

in the opposite direction. Because tissue cells are constantly producing COz,
the PCO2 of cells (45 mmHg at rest) is higher than that of systemic capillary
blood (40 mmHg).
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 The deoxygenated blood then returns to the heart and is pumped to the
lungs for another cycle of external respiration.
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THE RATE OF PULMONARY AND SYSTEMIC GAS

EXCHANGE DEPENDS ON SEVERAL FACTORS:

ST I aall (] einiaall clsgll oo yutiiid aarSU PO2 aall oo (sl sininall PO2 (15K o i o llall s5all kil 3,8
oyl BT 80l sil) andl Julis eaiadl clsgll o3 PCO25 PO2 o
 Partial pressure difference of the gases. Alveolar PO2 must be higher
than blood POz2 for oxygen to diffuse from alveolar air into the blood. The
differences between PO2 and PCO2 in alveolar air versus pulmonary blood
increase during exercise. ‘ . .
ans Lilsell edloassall U1 dundacall Taloakl 3G Joliil dalill undacadl da Lol
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 Surface area available for gas exchange. The surface area of the
alveoli is huge. In addition, many capillaries surround each alveolus, so
many that as much as 900 mL of blood is able to participate in gas exchange

at any instant.




THE RATE OF PULMONARY AND SYSTEMIC GAS

EXCHANGE DEPENDS ON SEVERAL FACTORS:
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A Diffusion distance. The respiratory membrane is very thin, so diffusion

occurs quickly. Buildup of interstitial fluid between alveoli, as occurs in
pulmonary edema, slows the rate of of E gas ex hagge because it 1ncrea es,
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O Molecular weight and solubility of the gases. Because O2 has a

lower molecular weight than CO2, it could be expected to diffuse across the
respiratory membrane about 1.2 times faster. However, the solubility of CO2
in the fluid portions of the respiratory membrane is about 24 times greater
than that of Oz2. Taking both of these factors into account, net outward CO2
diffusion occurs 20 times more rapidly than net inward O2 diffusion.




TRANSPORT OF OXYGEN AND CARBON DIOXIDE:

OXYGEN TRANSPORT
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* Oxygen does not dissolve easily in water, so only about 1.5% of
inhaled O2 is dissolved in blood plasma.
< About 98.5% of blood O2 is bound to hemoglobin in red blood
cells (the amount dissolved in the plasma is 0.3 mL and the

amount bound to hemoglobin is 19.7 mL.).
aall 53 02 50 798.5 llsa by
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25 oA G ) . . xygenated blood
J_q 0.3 ) LQJ)L.JI ) 514l 4.\.@5.”) Reduced hemoglobin Oxygen Dissociation ~ Oxyhemoglobin (contracting skeletal muscle)
: T ’ T (deoxyhemoglobin) of O, I
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* A The 98.5% of the O, that is bound to hemoglobin is trapped inside 100 | | zg‘fgfggre“; \::IS?)S n sys
(J=19.7 RBCs, so only the dissolved O, (1.5%) can diffuse out of tissue < 9l I
capillaries into tissue cells. Thus, it is important to understand the - 80 |
factors that promote O, binding to and dissociation (separation) g - !
from hemoglobin. E 0r I
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The Relationship between Hemoglobin s _ |
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THE RELATIONSHIP BETWEEN HEMOGLOBIN

AND OXYGEN PARTIAL PRESSURE

“* The most 1mporta1rlc’%2 factor that determines how much O2 binds to
hemoglobin is the PO2; the higher the POz, the more O2 combines with
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“* When reduced hemoglobin (Hb) is completely converted to
oxyhemoglobin (Hb-0O2), the hemoglobin is said to be fully saturated;
when hemoglobin consists of a mixture of Hb and Hb-O, it is
partially saturated. The percent saturation of hemoglobin expresses the
average saturation of hemoglobin with oxygen. For instance, if each
hemoglobin molecule has bound two O2 molecules, then the
hemoglobin is 50% saturated because each Hb can bind a maximum of
four Oz.
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OTHER FACTORS AFFECTING THE AFFINITY OF

HEMOGLOBIN FOR OXYGEN
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1. ACldlty (pH): As acidity increases (pH decreases), the affinity of
hemoglobin for O2 decreases, and O2 dissociates more readily from
hemoglobin. The Bohr effect works both ways: An increase in
hydrogen ion in blood causes O2 to unload from hemoglobin, and
the binding of O2 to hemoglobin causes unloading of hydrogen ion
from hemoglobin (hemoglobin can act as a buffer for hydrogen ions).
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OTHER FACTORS AFFECTING THE AFFINITY OF

HEMOGLOBIN FOR OXYGEN

2. Partial pressure of carbon dioxide: PCO2 and pH are related

factors because low blood pH (acidity) results from high PCO2. As
CO2 enters the blood, much of it is temporarily converted to carbonic
acid (H2COg3). The carbonic acid thus formed in red blood cells
dissociates into hydrogen ions and bicarbonate ions. As the hydrogen
ions concentration increases, pH decreases. Thus, an increased PCO2
produces a more acidic environment, which helps release O2 from
hemoglobin.
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OTHER FACTORS AFFECTING THE AFFINITY OF
HEMOGLOBIN FOR OXYGEN
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» 3. Temperature: Within limits, as temperature increases, so does

the amount of O2 released from hemoglobin. During hypothermia
(lowered body temperature) cellular metabolism slows, the need for O2
is reduced, and more O2 remains bound to hemoglobin.
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CARBON DIOXIDE TRANSPORT

v

Under normal resting conditions, each 100 mL of deoxygenated blood contains
the equivalent of 53 mL of gaseous CO2, which is transported in

- - . - T llsa - Liste L yial . Olill s SI 0T sl
the blood in three main forms: S R N RO
i gl SR ol

1. Dissolved CO2. The smallest percentage—about 7%—is dissolved in blood

plasma. On reaching the lungs, it diffuses into alveolar air and is exhaled.
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2. Carbamino compounds. somewhat higher percentage, about ﬁ%, combines with

the amino groups of amino acids and proteins in blood to form carbamino
compounds. Because the most prevalent protein in blood is hemoglobin (inside
red blood cells), most of the CO2 transported in this manner is bound to
hemoglobin.




CARBON DIOXIDE TRANSPORT

T e ~+ chains. Hemoglobin that has bound CO, is termed carbamino-

il o8 0S5 . opaslésanasinaly S ) .

L PCO2 o o)l ees)  hemoglobin (Hb—-CO,):
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s ndl iy crslill e e Hb + COl — Hb—CO_w_
LY gayk e Llegl! Hemoglobin Carbon dioxide Carbaminohemoglobin

The formation of carbaminohemoglobin is greatly influenced by PCO2. For
example, in tissue capillaries PCO2 is relatively high, which promotes
formation of carbaminohemoglobin. But in pulmonary capillaries, PCO2 is
relatively low, and the CO2 readily splits apart from globin and enters the
alveoli by diffusion.
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CARBON DIOXIDE TRANSPORT

3. Bicarbonate ions. The greatest percentage of CO2—about 70%—is transported
in blood plasma as bicarbonate ions. Thus, as blood picks up COz2, bicarbonate ion
accumulates inside RBCs. Some bicarbonate ion moves out into the blood plasma,
down its concentration gradient. In exchange, chloride ions move from plasma into
the RBCs. This exchange of negative ions, which maintains the electrical balance between
blood plasma and RBC cytosol, is known as the chloride shift. The net effect of these
reactions is that CO2 is removed from tissue cells and transported in blood plasma
as bicarbonate ion. As blood passes through pulmonary capillaries in the lungs, all
of these reactions reverse and (3,15 exhaled.

ebig S 510l i) Baelosey HLO Ul 20 GO, as3, 1 CO2+ H20 = H2CO3
HICO, elliy Sl yaan 5,55, .2

ol s ol o 8 £z  MAeaCby= 'Har-r HCog

("H) s (s
(HCO,) cliss S oysal -




CARBON DIOXIDE TRANSPORT

“*The amount of CO2 that can be transported in the blood is
influenced by the percent saturation of hemoglobin with oxygen.
The lower the amount of oxyhemoglobin (Hb-O2), the higher the

COe-carrying capacity of the blood, a relationship known as the
(. Haldane effect.
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SUMMARY OF GAS EXCHANGE AND TRANSPORT IN LUNGS AND TISSUES

Reverse
chloride
Exhaled CO,+ Hb «—Hb-CO,
'\ cr
002 00""002 - ""002 - oocoz+Hzo:cmcanhyd’m

HZCO:,(—H%O; +H

HCO,
Ozaaosooo> 02“”‘ oo Ozocags 02+Hb—|-|—)|-|b—02+ H*

Interstitial Plasma
Inhaled fluid
Alveolus Pulmonary Red blood cell
capillary wall
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(a) Exchange of O, and CO, in pulmonary capillaries (external respiration)

Summary of chemical reactions that occur during gas exchange. (a) As carbon dioxide (CO,) is exhaled,
hemoglobin (Hb) inside red blood cells in pulmonary capillaries unloads CO, and picks up O, from alveolar

air. Binding of O, to Hb-H releases hydrogen ions (H"). Bicarbonate ions (HCO; ") pass into the RBC and

bind to released H", forming carbonic acid (H,CO,). The H,CO, dissociates into water (H,0) and CO,, and the CO,
diffuses from blood into alveolar air. To maintain electrical balance, a chloride ion (CI™) exits the RBC for each HCO;~
that enters (reverse chloride shift). (b) CO, diffuses out of tissue cells that produce it and enters red blood cells, where
some of it binds to hemoglobin, forming carbaminohemoglobin (Hb—CO,). This reaction causes O, to dissociate from
oxyhemoglobin (Hb-0,). Other molecules of CO, combine with water to produce bicarbonate ions (HCO;™) and
hydrogen ions (H"). As Hb buffers H", the Hb releases O, (Bohr effect). To maintain electrical balance, a chloride ion
(CI") enters the RBC for each HCO;™ that exits (chloride shift).
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SUMMARY OF GAS EXCHANGE AND TRANSPORT IN LUNGS AND TISSUES

» CO,+Hb —> Hb—CO, + O,

Carbonic anhydr:
A%, H,CO> HCO; + H*

.
"""
"
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Interstitial
fluid

Tissue cell Red blood cell

Systemic
capillary wall

(b) Exchange of O, and CO, in systemic capillaries (internal respiration)

Summary of chemical reactions that occur during gas exchange. (a) As carbon dioxide (CO,) is exhaled, @9
hemoglobin (Hb) inside red blood cells in pulmonary capillaries unloads CO, and picks up O, from alveolar <
air. Binding of O, to Hb-H releases hydrogen ions (H"). Bicarbonate ions (HCO; ") pass into the RBC and

bind to released H', forming carbonic acid (H,CO,). The H,CO; dissociates into water (H,0) and CO,, and the CO,
diffuses from blood into alveolar air. To maintain electrical balance, a chloride ion (CI™) exits the RBC for each HCO;~
that enters (reverse chloride shift). (b) CO, diffuses out of tissue cells that produce it and enters red blood cells, where
some of it binds to hemoglobin, forming carbaminohemoglobin (Hb-CO,). This reaction causes O, to dissociate from
oxyhemoglobin (Hb-0,). Other molecules of CO, combine with water to produce bicarbonate 1ons (HCO, ") and
hydrogen ions (H"). As Hb buffers H", the Hb releases O, (Bohr effect). To maintain electrical balance, a chloride ion
(C1") enters the RBC for each HCO, ™ that exits (chloride shift).



CONTROL OF BREATHING

% At rest, about 200 mL of O2 is used each minute by body cells. During

strenuous exercise, however, Oz use typically increases 15- to 20-fold in

Sl UM L acuall WA ol 80 JS O2 0 o 200 (s aladiial ol dalyll sie
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v Respiratory Center:

* The size of the thorax is altered by the action of the breathing muscles,
which contract as a result of nerve impulses transmitted from centers in the

brain and relax in the absence of nerve impulses. il Sleall 00
— @i sl eMae Jae Busb e Hiall o sudd o3y ¢
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CONTROL OF BREATHING

v' Respiratory Center:

* These nerve impulses are sent from clusters of neurons located bilaterally in
the brain stem. This widely dispersed group of neurons, collectively called
the respiratory center, can be divided into two principal areas on the basis of

location and function: (1) the medullary respiratory center in the
medulla oblongata and (2) the pontine respiratory group in the

pons. il Sleall 3S5e
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MEDULLARY RESPIRATORY CENTER

v The medullary respiratory center is made up of two collections of neurons
called the dorsal respiratory group (DRG), formerly called the

inspiratory area, and the ventral respiratory group (VRG),

formerly called the expiratory area.
(DRG) 5,231 (il el Eegan srons Tusuamall LA o cpiegane on cpe Ll (il Sl 350 (15
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MEDULLARY RESPIRATORY CENTER

Figure 23.25 Role of the medullary rhythmicity area during normal quiet

breathing
Activates
INSPIRATORY AREA INSPIRATORY AREA EXPIRATORY AREA I
ACTIVE INACTIVE ACTIVE I
' v
lz seconds I 3 seconds . 2

i Internal interqostal

. Diaphragm and external stemlg'calz:‘ggr?::étoid, ,fl?fczzdgé?.'{r?&
Diaphragm and external intercostals relax, and scalene muscles

intercostals contract followed by elastic contract

recoil of lungs

i ! !

+ Forceful inhalation I Forceful exhalation I

Normal quiet inhalation I Normal quiet exhalation I
(b) During forceful breathing

(a) During normal quiet breathing
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MEDULLARY RESPIRATORY CENTER
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v' The VRG becomes activated when forceful breathing is required, such as

during exercise, when playing a wind instrument, or at high altitudes.
Neurons DRG , Neurons VRG : [slaifs,

&8 22 2 Forceful inhalation
v" During forceful inhalation, nerve impulses from the DRG not only

stimulate the diaphragm and external intercostal muscles to contract, they
also activate neurons of the VRG involved in forceful inhalation to send
impulses to the accessory muscles (i.e. sternocleidomastoid) of inhalation.

- . C : M= T
v During forceful exhalation, the DRG is inactive along with the neurons of

~_the VRG that result in forceful inhalation, but neurons of the VRG involved
in _forceful exhalation send nerve impulses to the accessory muscles of
exhalation (i.e. internal intercostals).




PONTINE RESPIRATORY GROUP

ol o8 ranl] DT e depans b Gl gl Bl o <o T (PRG) wiall il deganl]

v' The pontine respiratory group (PRG), formerly called the pneumotaxic
area, is a collection of neurons in the pons.

v The neurons in the PRG are active during inhalation and exhalation.
v The PRG transmits nerve impulses to the DRG in the medulla.

v The PRG may play a role in both inhalation and exhalation by modifying the
basic rhythm of breathing generated by the VRG, as when exercising,
speaking, or sleeping. - i3lly SLATLYI L5 ks PRG 5 duswmall Lolal]
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REGULATION OF THE RESPIRATORY CENTER

Jolsey cosndl raaal 3leall o STl J Dloal il 3leall 3o bt ot o
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v' Activity of the respiratory center can be modified in response to

receptors in the peripheral nervous system, and other factors in
order to maintain the homeostasis of breathing.
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CHEMORECEPTOR REGULATION OF BREATHING
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v Certain chemical stimuli modulate how quickly and how deeply we

breathe. The respiratory system functions to maintain proper levels of CO2

and Oz2 and is very responsive to changes in the levels of these gases in body

fluids.

v' We introduced sensory neurons that are responsive to chemicals,
called Chemoreceptors. LS il et AL lgall (sante (3] Lucuadl Loveaal] LA (o
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LOCATIONS OF PERIPHERAL

CHEMORECEPTORS

v' Chemoreceptors
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are sensory neurons that

respond to changes in the levels of certain
chemicals in the bodf 5! o2 wAlk of b L3 keI ealiy
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Central chemoreceptors are located in or near
the medulla oblongata in the central nervous
system. They are sensitive to changes in
hydrogen ions in the CSFE.

Peripheral chemoreceptors are located in the
aortic bodies. They are clusters of
chemoreceptors located in the wall of the arch
of the aorta, and in the carotid bodies. They
are sensitive to changes in PO2, hydrogen
ions, and PCO2 in the blood.
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| artery J \
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artery
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Negative Feedback Regulation of Breathing

Some stimulus
disrupts
homeostasis by

Increasing

Arterial blood Pco,
(or decreasing pH
or Po,)

Central Peripheral

chemo- chemo- =~

receptors receptors. |

in medulla in aortic -
and ) =
carotid |
bodies

Input Nerve

m—— ;.,,L[)“‘Pul ses

Return to homeostasis
when response brings
arterial blood Pco,.,
pH, and Pg, back

¢ to normal

medulla oblongata

Output Nerve
impulses
Effectors

Diaphragm and other
muscles of
respiration contract
more forcefully and .
more frequently B2
(hyperventilation) &5

Decrease in arterial
blood Pcgo,, increase in
pH, and increase in Pg,

Negative feedback control of
breathing

Increase in arterial pCO2
Stimulates receptors
Inspiratory center

Muscles of respiration
contract more frequently &
forcefully

pCO2 Decreases



THE INFLATION REFLEX
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v' Similar to those in the blood vessels, stretch-sensitive receptors called

baroreceptors or stretch receptors are located in the walls of bronchi and
bronchioles. Parasympathetic regulation
N

v" When these receptors become stretched duringloverinﬂation of the lungs,
nerve impulses are sent along the vagus (X) nefVes to the dorsal respiratory
group (DRG) in the medullary respiratory center. In response, the DRG is
inhibited and the diaphragm and external intercostals relax. As a result,
further inhalation is stopped and exhalation begins.

53 (DRG) deseaall s elall il jleall (1) (X) Tagall olae¥l Jsh ole Lnemall eliaill Jluy) als ol ikl asoaill ol Suies colEicall sia o Losic

sadyl) Tang Bl cpe wdd) (88e (Al daty  daa AT ol g yalad] Glaad! bty o DRG ol celld (gle luy . gelaall sl sleadl 3Sye



THE INFLATION REFLEX
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v As air leaves the lungs during exhalation, the lungs deflate and
the stretch receptors are no longer stimulated. Thus, the DRG is

no longer inhibited, and a new inhalation begins. This reflex is
referred to as the inflation reflex. Y gl s L1 s e i ool a2
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OTHER INFLUENCES ON BREATHING
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d Limbic system stimulation: Anticipation of activity or emotional

anxiety may stimulate the limbic system, which then sends excitatory input

to the DRG, increasing the rate and depth of breathing. Sl oy
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 Stretching the anal sphincter muscle i o
O Irritation of airways: Physical or chemical irritation of the pharynx or larynx

brings about an immediate cessation of breathing followed by coughing or

sneezing.
blood pressure Js 1l .
Blood pressure Increase Rate of breathing “-‘-‘-‘-‘S‘ e
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TABLE 23.3

Summary of Stimuli That Affect Breathing Rate and Depth

 INCREASE BREATHING RATE AND DEPTH

Voluntary hyperventilation controlled by cerebral cortex and anticipation of activity
by stimulation of limbic system.

Increase in arterial blood Pr, above 40 mmHg (causes an increase in H') detected
by penpheral and central chemoreceptors.

Decrease in arterial blood Po2 from 105 mmHg to 50 mmHg.
Increased activity of proprioceptors.

Increase in body temperature.

Decrease in blood pressure.
Stretching of anal sphincter.

<:> A Q

| DECKEASE BREATHING RATE AND DEPTH

Voluntary hypoventilation controlled by cerebral cortex.

Decrease in arterial blood Py, below 40 mmHg (causes a decrease in H) detected
by peripheral and central chemoreceptors.

Decrease in artenial blood P, below 50 mmHg.

Decreased activity of proprioceptors.

Decrease in body temperature (decreases respiration rate), sudden cold stimulus
(causes apnea).

Severe pain (causes apnea).

Increase in blood pressure.

Imnitation of pharynx or larynx by touch or chemicals (causes brief apnea followed
by coughing or sneezing).



0
>~
AV4
Z
<
1
—




