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Objectives o et
sl "
Discuss structures of the respiratory system. 03558l gty clia 11

Describe pulmonary ventilation.

Explore lung volumes and capacities.

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

Describe control of breathing.

(Pages 856- 876 of the reference)
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STRUCTURES OF THE RESPIRATORY SYSTEM

O The upper respiratory

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

structures; the lower
respiratory  system

includes the larynx,
trachea, bronchi, and
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Pathway of Air/ O, "% iis
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+*Nose — external nares — nasal cavity — internal nares
4

+* Pharynx — nasopharynx — oropharynx — laryngopharynx
4

«» Larynx — epiglottis — larynx
4

s Trachea — trachea
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ot C_r® Bronchi — primary bronchi — secondary bronchi — tertiary bronchi — bronchioles
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Bv J
*»Lungs — alveoli — blood stream




PULMONARY VENTILATION

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

ST oWl L A2 s
1. Pulmonary ventilation or breathing, is the inhalation (inflow) and
> exhalation (outflow) of air and involves the exchange of air between the atmosphere and the
alveoli of the lungs. e

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.

3. Internal (tissue) respiration, 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 cellular respiration. J Lf;’ D
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PRESSURE CHANGES DURING PULMONARY

VENTILATION

= Air moves into the lungs when the air pressure inside the lungs is less than the

tes 0

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

3 Lo
e pressure inside the lungs is g%han the air pressure in the atmosphere.| <%|*
Olnhalation: »-¢* C y2 oS AR sl ¢

> Breathing in is called inhalation (inspiration).

» For air to flow into the lungs, the pressure inside the alveoli must become lower

537?’?; than the atmospheric pressure. This condition is achieved by increasing the
352 o~——23 2 — Qo C=~d5! 29 zp 5\ C;C"C/z*—g Pl Bl =,

—r.—slze of the lungs. ~
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“ »The pressure of a gas in a closed container is inversely

proportional to the volume of the container. This inverse relationship
4 between volume and pressure, called Boyle’s law. 1=z <ués < < Sl < bbbl —oale




PRESSURE CHANGES DURING PULMONARY
VENTILATION.

»Differences in pressur@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 ¢ echaﬁ_d,
which increases lung volume and thus decreases
the pressure in the lungs to belm@;mospheric

pressure. A
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MUSCLES OF INHALATION AND EXHALATION

O Dul‘ing nOI‘mal qulet MUSCLES OF INHALATION ,:".'u':"
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MUSCLES OF EXHALATION
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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- | 1|
outward, and alveolar | /|°

——— |

external

— | \ /
(intr a ulmoni C) mre intercostals . 1-\At rest (diaphragm relaxed) 2. During inhalation (diaphragm contracting)

contract _\\
Atmospheric pressure = 760 mmHg /

decreases. 2O\ o i

S Ledss o 2\ V22
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the
762 mmHg

— Alveolar
| pressure =
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pressure =
760 mmHg

= Intrapleural
pressure =
754 mmHg

During exhalation,
diaphragm relaxes, the lungs
A -
recoil inward, and alveolar
pressure increases, forcing air

$ Out Of th e lun g S . 3. During exhalation (diaphragm relaxing)
C N—r
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| 756 mmHg




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. s s i sis o
e

» During deep, forceful inhalations, accessory muscles of inspiration

c))\_,_.\{ru,,‘, .)\c//(w\

also participate in increasing the size of the thoracic cavity.;>5'C 0 =%

(_ﬁ sL SV e o B ) ﬂ“’“""slﬁ_ﬁ_
» The muscles are so named because they make 11tt1e, if any, C(w during normal =

quiet inhalation, but during exercise or forced ventilation they may contract

o>vigorously. = The  accessory = muscles ~ of inhalation include the
(s #)sternocleidomastoid muscles.
OBecause both normal quiet inhalation and inhalation during

{ exercise or forced ventilation involve muscular contractmn)thegﬂ
process of inhalation is said to be active. .~ e oo Bl s



EXHALATION

> Breathing out, called exhalation (expiration), is also due to a pressure

gradient, but in this case the gradient is in the[opposite directionj The pressure
in the lungs is greater than the pressure of the atmosphere. Normal

Oexhalation during quiet breathing, unlike inhalation, is a passive
O

process because no muscular contractions are involved. <2~
M
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ol adlas s L oMas (o Lo 1] s

anstead exhalation results from eigwll of the chest wall and
ungs, both of which have a natural tendency to spring back after

they have been stretched. S o = T
ZL’/J C el e=_Up
» Exhalation starts when the 1ns]_31ratory muscles relax. As the diaphragm

/ relaxes, its dome moves superiorly owing to its elasticity. "5 \fﬁ)\
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OTHER FACTORS AFFECTING

PULMONARY VENTILATION
A aBN &3]
O As you have just learned, air pressure differences drive
. :je‘lirflow %nha\leﬂgg and exhalailtion. However, three
;gg;;aother factors affect the rate of airflow and the ease

- ,of pulmonary ventilation: surface tension of the

L‘Sf; alveolar fluid, compliance of the lungs, and airway

+ resistance. e

Lav
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SURFACE TENSION OF ALVEOLAR

FLUID
C__SWA| o]

OA thin layer of alveolar fluid coats the luminal surface of alveoll

and exerts a force known as/surface tension. | ~« ot < as s it afisli 521
P —— AWINCSY oy

)\«S—CQ_/L'C\G

» 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,
ach mhalatior lung elastic

which decreases the size of alveoli during exhalation. o s 0 5 255 S B3 € o

am— Mgt | b ComRly) iy ks T ASS 5K £ N2

OThe surfactant (a mixture of phosphCDlipids and 1i90]froteins)
2 3 present in alveolar fluid reduces its surface tension. D,,MMN,J
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JO A cjg/flgggcy of surfactant in premature infants causes respiratory distress )

«¥;Cvsyndrome, in which the surface tension of alveolar fluid is g_r\e_gﬂy_m\cgegs\ed so that
M many alveoli { collapse at the end of each exhalation. Great effort is then needed at the
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0{ next inhalation to re‘%pen the Collapsed alveoli. Sz E; wtactant |, surtace fenalEn o oasy bre mi
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COMPLIANCE OF THE LUNGS
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v" In the lungs, compliance is related to two principal factors: elasticity and surface tension.
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v" The lungs normally have hlgh compliance and expand easﬂy because elastic fibers in lung tissue are
easily stretched and surfactan€in alveolar fluid feduces surface tension. ol gl il
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( )Decreased compliance is a common feature in pulmonary condltlons that (1) scarlung tlssue

L&) (for example, tuberculosis), (2) cause lung tissue to become filled with fluid (pulmonary edema), (3)

H:::w produce a deficiency in surfactant, or (4) impede lung expansion in any way (for example, paralysis of
L el i T TP T T g ) oA =L\ >
42 the intercostal muscles). =T <
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OCompllance refers to how much effort is required to stretch the lungs and chest wall. =« st
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< 5H|gh compliance means that the lungs and chest wall expand easily. , jyé‘f Rl Gl = 4 i
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v' Low compliance means that they resist expansion.—» <= QPR T,



pra ’—5:‘0\‘7 - - 5 w.,.iﬂdwr’f‘_f““’ 2D -a oI1Bea
Crn & Sdp s b5 9 57 c Fom= ¢ e | e @Bollin 5 o N

< & — —erpan e impesle —_— — o] bubercain L !m(v-ng &issue (o 80 Js( Lg,,_‘w;_\(

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. (55 sl &=
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“*Airflow equals the pressure difference between the alveoli and the

W dleded by the resistance. S L
“* The walls of the airways, especially the bronchioles, offer some

resistance to the normal flow of air into and out of the lungs.” >
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(O As the lungs expand during inhalation, the bronchioles enlarge because
their walls are pulled outward in all directions.

(O Larger-diameter airways have decreased resistance.




d doglaall &> 1 dblgg)l nidl Jad B
P doglaall > ¥ dslgg)l il s 20

AIRWAY RESISTANCE Sl 5 ol 10 B

doglaadl Jl& > cueidl gugy > Gosll wuasll Jile> @
ouiiid] o = dogliall ugii > COPD of guyll Jio wolel [B)

1

» 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 airwayscs G
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(O Signals from the sympathetic division of the autonomic nervous

system cause relaxation of this smooth muscle, which results in bronchodilation
and decréeased resistance.

OAny 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)). it sos csnosiane

2ol pdhllg Sagedll = H9okl sy ¢l g¢ll




17 |

LUNG VOLUMES AND CAPACITIES

v" While at rest, a healthy adult averages 12 breaths a minute, with each inhalation and exhalation
moving about 500 mL of air into and out of the lungs. e o
\

v' The volume of one breath is called the tidal volume (VT). w5 ¢
—_— e {)Lpﬂ :

v The minute ventilation (MV) —theéo 1 volume of air/inhaled and exhaled each minute —
O ——

is respiratory rate multiplied by tidal volume: RL. ol v
e MV = 12 breaths/min X 500 mL/breath
= 6 liters/min

3

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

v The apparatus commonly used to measure the volume of air exchanged during breathing and
the respiratory rate is(@ spirometer or respirometer.

v' The record is called a spirogram. Inhalation is recorded as an upward deflection, and exhalation
is recorded as a downward deflection. g 0000000000000
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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.
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LUNG VOLUMES AND CAPACITIES

2748
u“)\( Tidal volume varies considerably from one person to another and in the same
— & —_————

’) C} pér\sﬁatnfferent times.
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v" The alveolar ventilation rate is the volume of air per minute that actually reaches
l—\\_/_\_/
the respiratory zone. 7 ST C oLl Qalon| vk S e der )
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v Several other lung volumes are defined relative to forceful bmhmg In general,
these volumes are larger in males, taller individuals, ar;dmger_adults and_smaller
in fe@,es shorter 1nd1v1duals and the elderly. Various disorders also may be
diagnosed by comparlson of actua/l&dfgre/df&ﬁd normal valtes for a patient’s

gender helglﬁt and age.
2\ o LSS5 W\ ij’ g2
v Lung capacities are combinations of various lung volumes.
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LUNG VOLUMES AND CAPACITIES

o By taking a very deep breath, you can inhale a good deal more than 500 mL. This additional

inhaled air, called the inspiratory reserve volume, is about 3100 mL in an average
adult male and 1900 mL in an average adult female.

o [ Even more air can be inhaled if 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@xpiratory reserve volume. o ol G PSR W W Sl

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

. o . Faaill
COPD increases airway resistance. S e it 1550l 0 gl 38 (VL)1 gl gl
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LUNG VOLUMES AND CAPACITIES

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.

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).

PR ETPYEENTIN PR R VIPVITEIRES
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).




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). - 5 M\
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EXCHANGE OF OXYGEN AND CARBON DIOXIDE

eV I () oad Lo pw ¢ QV K
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O The exchange of oxygen and carbon dioxide between alveolar
air and pulmonary blood occurs via passive diffusion, which is

governed by the behavior of gases by two gas laws, Dalton’s law and
Henry’s 1aw. Passive Diffusion = J3 ladus d3lais — (alei aiud Qi (1o OlHLall gagalall JEIY)

o . e Gl @<l Lo
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

v’ According to Dalton’s law, each gas in a mixture of gases exerts its own
pressure as if no other gases were present.

(OThe pressure of a specific gas in a mixture is called its /partial
pressure (Px). ool o g &

OThe total pressure of the mixture is calculated simply by adding
all of the partial pressures.

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
Zﬂ gases present in small quantities.




GAS LAWS: DALTON'’S LAW AND HENRY’S LAW

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. P! St ]
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o 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.  csurwrommmauas
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GAS LAWS: DALTON'’S LAW AND HENRY’S LAW
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gE\Compared with inhaled air, alveolar air has less O2 and more CO2 while exhaled
¢ air contains more O2 than alveolar air and less CO2. " # ' e=aic o
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"o 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

STNEPWIPE

o fluids, the ability of a gas to stay in solution is greater when its partial pressure is
zeushigher 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 CO2 is dissolved in blood plasma
because the solubility of COz2 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 is very low.
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EXTERNAL AND INTERNAL RESPIRATION

g% S (o 5 \Qf\g g
o Pulmonary gas exchange is the diffusion of O2 from air in the

L~
alveoli of the lungs to blood in pulmonary capillaries and the

diffusion of CO2 in the opposite direction.
W)\\&\ c/»(dlé.) /

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.




EXTERNAL AND INTERNAL RESPIRATION

/| flows slowly enough through these capillaries that it picks up a maximal
amount of Oz. ON CE pusup Ttz & ston

E)\Z)LC_Q
PRV

/@)u?i“’ﬁ?g%j@mgsfe_)(@e, 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.
——— - =

/
J Z/T he number of capillaries near alveoli in the lungs is very large, and blood
f

(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.
g2l G2 ——
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s kEXTERNAL AND INTERNAL RESPIRATION

76

«* 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. —%

% As O2 leaves the bloodstream, oxygenated blood is converted into

deoxygenated blood. =2zl

//V\?? ted — Deoxygenated
7o)
<+ 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

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
use O2 to produce ATP.

While O2 diffuses from the systemic capillaries into tissue cells, CO2 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). S/ (o,

Coms Seolils o

The deoxygenated blood then returns to the heart and is pumped to the
lungs for another cycle of external respiration.




THE RATE OF PULMONARY AND SYSTEMIC GAS

EXCHANGE DEPENDS ON SEVERAL FACTORS:

L]
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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.—»  Scoes

£yl yan Jolilll = i<y 3,41 e saliad Glyladl Jolss 4 peu
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Q 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:

9
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O 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 gas exchange because it increases

s

diffusion distance. == P Z%
o, S «cCo, Zg?fc’

O Mol‘écular"/\gwelght and solublilty 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 O2. 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

el 2970 (2O
£ W/ 10 Sl op )
* Oxygen does not dissolve easily in water, so only about 1.5% of
inhaled O2 is dissolved in blood plasma.
O 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.).

T JS’:
0, Jai dlay = aglé gagll- Binding of O, = iy
O (50 GpdlS Tpas JAS 508y Lo — (gl gangdl (90se Hb + O . Hb-O 7
Al o 5 hio Hb (ole sy O, waléie ) B = 2 Deoxygenated blood
Reduced hemoglobin Oxygen Dissociation ~ Oxyhemoglobin (contracting skeletal muscle)
(deoxyhemoglobin) of O, I Deoxygenated blood Oxyg
The 98.5% of the O, that is bound to hemoglobin is trapped inside 100 |- | insystemicveins in sy:

(averalge at rest)

RBCs, so only the dissolved O, (1.5%) can diffuse out of tissue 90 -

capillaries into tissue cells. Thus, it is important to understand the '_:g 8oL I
factors that promote O, binding to and dissociation (separation) g - !
from hemoglobin. 5 0r
6?\ S 60} I
@ The Relationship between Hemoglobin = l




THE RELATIONSHIP BETWEEN HEMOGLOBIN
AND OXYGEN PARTIAL PRESSURE

(O The most important factor that determines how much O2 binds to
hemoglobin is the PO2; the higher the POz, the more O2 combines with

Hb. roww. arivcp ot
. *PO, (0351 J3s) olls — Hb dusas O, (P@ 7ﬁ Qoo s\ 3}
“PO, (¥ Jis) oly = Hb ey O, “ V8 4=
&) (953 nplé gangll oizy of ,H{b-ﬂz‘v s8> Q -

ey
() When reduced hemoglobin (Hb) is completely converted to
oxyhemoglobin (Hb-0O2), the hemoglobin is said to be fully saturated;
when hemoglobof Hb and Hb-0O2, 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

%50 — (nd gpuiio
%100 — (M gpciso 4°

~" hemoglobin is 50% saturated because each Hb can bind a maximum of

four Oo2.




OTHER FACTORS AFFECTING THE AFFINITY OF

HEMOGLOBIN FOR OXYGEN
— —

o=
N

N
_04,

N -y — by Z"\?flfj\\
Cl1. Acidity (pH):’DfA\fng 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).

Hb & O, Ol

0, (full saturation) ey daol> JST Y & (Lungs) &,JI

0, (release) i dpiol> ST pt doens 3l



OTHER FACTORS AFFECTING THE AFFINITY OF

HEMOGLOBIN FOR OXYGEN

(O 2. Partial pressure of carbon d10x1de PCO2 and pH are related
factors because low blood pH (ac1d1ty) results’ from high PCO2. As
COz2 enters the blood, much of it is temporarily converted to carbonic
acid (H2CQOg3). The carbonic acid thus formed in red blood cells

,};/dlssoaates 1rjco\}_1yg_r\og_edn ions and b ;@ ions. As the hydrogen’

ions concentration increases, pH decreases. Thus, an increased PCO2

produces a more acidic environment, which helps release O2 from

PHe nt
moglobin.
ENTE ISR TIN] ) VIR VI P O

? €0,— 1 H*— | Hb affinity — O, released f@b) PN N5 D ( ZL‘_)Q e S

2(2 CO, T = H' T = Hbdyis O,




OTHER FACTORS AFFECTING THE AFFINITY OF

HEMOGLOBIN FOR OXYGEN

(O 3. Temperature: Within limits, as temperature increases, so does

the amount of O2 released from hemoglobin. During hypothermia
(leure) cellular metabolism slows, the need for O2

is reduced, and more O2 remains bound to hemoglobin.
> IEUHEE




® CARBON DIOXIDE TRANSPORT

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

the blood in three main forms:

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.

2. Carbamino compounds. somewhat higher percentage, about 23%, 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. C o r Oino Gl p B BN
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® CARBON DIOXIDE TRANSPORT

chains. Hemoglobin that has bound CO, is termed carbamino-
hemoglobin (Hb—CO,):

Hemoglobin Carbon dioxide Carbaminohemoglobin

The formation of carbaminohemoglobin is greatly influenced by PCOz2. 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 COz, 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
MSma and RBC cytosol, is known as%klomde shszThe net effect of these
reactions is that CQO2 is removed from tissue cells and transported in blood plasma
as bicarbonate ion. As M@wmw capillaries in the lungs, all

of these reactions reverse and COz2 is exhaled. e
() CO, aausiyl LA (o i,
s (B CO, (1 Usaisg slandl anll by S Jaus HCO, (5bs 335s3).
fereey Heo; 2 3
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® 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

E_Ialdane Effec%/ P up\go bis 1o & (B s J HBON < <™
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SUMMARY OF GAS EXCHANGE AND TRANSPORT IN LUNGS AND TISSUES

Hemoglobin inside red blood cells transports O,, CO,, and H*.

Reverse
chloride /
Exhaled CO,+ Hb<«—Hb—CO, ) )\)
'\ cr /
CO, €+4444C0, os+hsr0eCO, @000, + H,0 < oDoCINVIEE o6 < HEO, + H'
HCO,™ 4 ’ ,
Ozaaooooo> O2aooson ap 0200005 Vs
/ Interstitial Plasma '
Inhaled fluid 1/
Alveolus Pulmonary Red blood cell j)
capillary wall ﬁ

(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-0O,). 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
? CZ (CI") enters the RBC for each HCO;™ that exits (chloride shift).



SUMMARY OF GAS EXCHANGE AND TRANSPORT IN LUNGS AND TISSUES

Carbonic anhydrase,
< >H,005> HOO; + H*

02<v000010002 sve vooooz ooy |-b_02:

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 o
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
j 0] (CI") enters the RBC for each HCO; ™ that exits (chloride shift).
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Summary of Stimuli That Affect Breathing Rate and Depth

STIMULI THAT INCREASE BREATHING RATE AND DEPTH STIMULI THAT DECREASE BREATHING RATE AND DEPTH
Voluntary hyperventilation controlled by cerebral cortex and anticipation of activity ~ Voluntary hypoventilation controlled by cercbral cortex.
by stimulation of limbic system.

Increase in arterial blood P, above 40 mmHg (causes an increase in H') detected ~ Decrease in arterial blood Py, below 40 mmHg (causes a decrease in H') detected

by peripheral and central chemoreceptors. by peripheral and central chemoreceptors.

Decrease in arterial blood Py_ from 105 mmHg to 50 mmHg. Decrease in arterial blood Py, below 50 mmHg

Increased activity of proprioceptors Decreased activity of proprioceptors.

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

Prolonged pain. Severe pain (causes apnea),

Decrease in blood pressure. Increase in blood pressure.

Stretching of anal sphincter. Irritation of pharynx or larynx by touch or chemicals (causes brief apnea followed

by coughing or sneezing).
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CONTROL OF BREATHING

R

% 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
normal healthy adults.

v Respiratory Center:

P

W
The size of the thorax is altered by the action of the breathing muscles,

 — T s
which contract as a result of nerve impulses transmitted from centers in the
brain and relax in the absence of nerve impulses.

V\_/W




CONTROL OF BREATHING

. . G5 ¢ 47
v' Respiratory Center: Tw;; = 14!

* 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

Olocation and function: (1) the medullary respiratory center in the

medulla oblo@and (2) the pontine respiratory group in the
pons.
v




MEDULLARY RESPIRATORY CENTER

: : v L
O 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.




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
' v I
l 2 seconds I 3 seconds
* e Internal intercostal
iaphragm, and abdominal
. Diaphragm and external sternocleidomastoid, muscles contract
Diaphragm and external intercostals relax, and scalene muscles
intercostals contract followed by elastic contract

recoil of lungs

: ! !

* Forceful inhalation I Forceful exhalation I

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

(a) During normal quiet breathing




MEDULLARY RESPIRATORY CENTER

—>
The VRG becomes activated when forceful breathing is required, such as
during exercise, when playing a wind instrument, or at high altitudes.

crc L

v" During forceful inhalation, nerve impulses from the DRG “ot (C)TIT\’I
stimulate the diaphragm and external intercostal muscles to contract Qfﬁev
also activate neurons of the VRG involved in forceful inhalation to send
impulses to the Wles (i.e. sternocleidomastoid) of 1nh€1at10n"“ o

Om cte - Porgs

uring forceful exhalatlon the DRG is inactive along with the neurons of
R@ 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). Kecte o8 o S 5o




PONTINE RESPIRATORY GROUP

>
v' The pontine respiratory group (PRG), formerly called the pneumotaxic
area, is a collection of neurons in the pons. VR6I L OPE I S25 e o oo

e PRE K e remdl Ol ot sl QP
(O The neurons in the PRG are active during inhalation and exhalation. , ¢=~""*
Y Pt

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 modi?\)yi ffg the
basic rhythm of breathing generated by the VRG, as when exercising,
speaking, or sleeping.




REGULATION OF THE RESPIRATORY CENTER

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.,, & ... .. .o

K e




CHEMORECEPTOR REGULATION OF BREATHING

v Certain chemical stimuli modulate how quickly and how deeply we
breathe. The respiratory system functions to maintain m of CO2

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

ﬂuids : » Lok n ¥ > ; O I\, (O =3l
5 Q‘,_,ﬁc;,)owﬁ\:os_s’% ol o tms N mew(,m/ 2 @L)((guj;lic)ég%-lwﬁ g S e ON oY =S C

o\ sl A QR st @ I

(OWe introduced sensory neurons that are responsive to chemicals,

called chemoreceptors.—* oz
= 55
(S 2 o2
VA2 P
A
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LOCATIONS OF PERIPHERAL

CHEMORECEPTORS

o

v" Chemoreceptors

are

Sensory neurons

that

respond to changes in the levels of certain

chemicals in the body.

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.

2

Peripheral chemoreceptors are located in the

odies. They

aortic

are

clusters

of

chemoreceptors located in the wall of the arch

and in the carotid bodies. They

are sensitive to changes in PO2, hydrogen

ions, and PCO2 in the blood.

i ¥ Meduilla oblongata

Sensory axons in
glossopharyngeal

\

Common carotid S -——17 Sensory axons
artery \ (

(IX) nerve
Intemnal carotid —___ ] =
artery j
/. CAROTID BODY

External carotid “ ' ' '
artery \ W Carotid sinus

. "

|

in vagus (X) nerve

\
@/}0 A\ }, Arch of aorta
L/é t 4“"/
AORTIC BODIES

oS ..g_,-:_—.- -




Negative Feedback Regulation of Breathing

s

WQ,)Z)C@

Some stimulus
disrupts
homeostasis by

Increasing

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

~ Receptors

Central Peripheral

chemo- chemo- =~

receptors receptors. |

in medulla in aortic -
and =

carotid :
bodies &‘)
Input Nerve

_impulses

- GO lron © 3 P
Inspiratory area in
medulla oblongata

Output Nerve
impulses
Effectors

Diaphragm and other
muscles of
respiration contract
more forcefully and .~
more frequently 024
(hyperventilation) &

-

/_\Dmiase in arterial
blood Pco., increase in

H, and increase in Pg,
— = 0

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

to normal

\5/_)\

1.

Negative feedback control of
breathing

Increase in arterial pCO2
Stimulates receptors
Inspiratory center

Muscles of respiration
contract more frequently &
forcefully

pCOZ2 Decreases
JUBS\ (};”"—55/‘:4:’)/9 @81 /(p” /(Poz N s gl



THE INFLATION REFLEX

C,
%

<

Q<€ \C’g

(O Similar to those in the blood vessels, stretch-sensitive receptors called
baroreceptors or stretch receptors are located in the walls of bronchi and
bronchioles.

(O When these receptors become stretched d}}}:l{lg overinflation of the lungs,
nerve impulses are Mhe vagus d() fierves to the dorsal respiratory
¢ group (DRG) in the medullary respiratory center. In response, the DRG is

/1;h1b1ted and the diaphragm and external intercostals relax. As a result,

further inhalation is stopped and exhalation begins.  (nhilisip—=C==

= Wiliddion —90/\»’“-’




THE INFLATION REFLEX

o5
O 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, - ((

A g ssail SYpkiuns g3 Lage
DRG 4 s 5,43 o ol Lot

Jiiy g0 DRG i
252 5agd lanayr



® OTHER INFLUENCES ON BREATHING

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.

n
d Temperature on ) \
. " s
d Pain S &G\ o>
O Stretching the anal sphincter muscle -
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 U g Jea \ (Q) (ﬁ e

U




TABLE 23.3

Summary of Stimuli That Affect Breathing Rate and Depth @4&
STIMULI THAT INCREASE BREATHING RATE AND DEPTH STIMULI THAT DECREASE BREATHING RATE AND DEPTH

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

Increase in arterial blood Pry, above 40 mmHg (causes an increase in H') detected ~ Decrease in arterial blood Py, below 40 mmHg (causes a decrease in H') detected

by penipheral and central chemoreceptors. by penipheral and central chemoreceptors.
Decrease in arterial blood Po2 from 1035 mmHg to 50 mmHg. Decrease in artenial blood po;, below 50 mmHg.
Increased activity of proprioceptors. Decreased activity of proprioceptors.
Increase in body temperature. Decrease in body temperature (decreases respiration rate), sudden cold stimulus
(causes apnea).
Prolonged pain. ———> @\ /| o0 YO $ chcmpain(causcsam BN 0
( Decrease in blood pn:mf——> RILN 25\ E5% Increase in blood pressure.
Stretching of anal sphincter. Imitation of pharynx or larynx by touch or chemicals (causes brief apnea followed

by coughing or sneezing).
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