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11th Annual Dr. Ed Waits Respiratory Care Conference
June 21, 2023

CELLULAR RESPIRATION
IN THE AEROBIC WORLD

AFTER A LONG BEGINNING ON AN ANAEROBIC PLANET

OXYGEN AND IRON

James R. Boogaerts, MD, PhD, FACC
UAB Division of Cardiovascular Disease
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CELLULAR RESPIRATION

Coliglar realralion o he DCCess Oy WhKA 100G, N The Torm oF o (glaccae )l i ansfomred

o ener gy withincels This energy s stored o AT? mrdocde, whic s ey Dower ol sorls of
Celular oeocesies Respirotion that "equites 2uygen is Lrow 83 5es0bnd respiation, o Call Viall
TOLPAtan £t OCaurs WATNERt DNy gan i (aled aNaer ol rapenation l

Assorob ¢ Rmpirstion

ACTODK FRspUItIon  se— Cy.oplesm
In aracrobe ‘eapiraton where these i3 no Orygen

: . e—p. v ae
NADH e * | Glyeolysin : wraa i oo .
l—’ av my o0 re sotyger. Howeves
i eases 0o not produde o8 muth AT a1t

Drokes Gown
oytondnane At 20 0L resoration
Lo ATF ssodeCuies, L ovoducens four mure,
25 well 25 two other subitances

pyrvvate snd NADH

:

1) Inthe second Nage, which ocours
v the svtachaadria of 2 cel pyTuvate
i uned 19 Ceate acetyl conaryme A
d earbon dewide

)

The third stage is knomwn s 0w drk
achd cyche. cr Krabs cycle Ir this stage

acetyl ceenryme A s used %0 Ceate more

Clutcss —= Lactate + 2ATP

Fermoenletivn =g Lactate

NADH, 23wl 03 FADMA, corbon O axiidie.
ad an addtiony ATP wodacule

4) In the ‘nal stage, NADY, FAUHZ, and
OXygen ira ssed 10 reate Masshee amounts of
ATF Unough slectron rarnle . This stege shy
Croatys water molecsles

Glucose + Ouwygen —~ Carbon Dionide + Water + 30 or mare ATP

Anirmal Cell
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AEROBIC RESPIRATION

Aerobic respiration requires oxvgen. This is the reason why we breathe oxygen in from the air.
This type of respiration efficiently releases a large amount of energy from glucose that can be
stored as ATP. Aerobic respiration happens all the time in animals and plants, where most of the
reactions occur in the mitochondna. Even some prokaryotes can perform aerobic respiration
(although since prokaryotes don't contain mitochondria, the reactions are slightly different). The

overall chemical formula for aerobic respiration can be written as:

CeH206 +6 O = 6 CO, + 6 HyO + (approximately) 38 ATP
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External environment
ngh O?, lO‘N CO)

Conducting airways

Expiration
Inspiration

™M
O
»

Alveoli

Pulmonary

Pulmonary | capillaries v Pulmonary
artery veins

Low O, High O,

High CO, Low CO,

c Y Left
I Right atrium
ventricle

{Left

’Rti?h' ventricle
atrium

Low O, High O,
High CO, Low CO,

f, g Systemic
capillaries

Metabolizing tissues
O2 much lower than

external environment

Pulmonary Physiology, Tenth Edition THE UNIVERSITY OF
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Atmospheric Gas
oxyg en Cascade Atmospheric partial pressure of oxygen is a functionof\

barometric pressure and the FiO2 P|N22 590 MMHQ
The oxygen cascade describes the transfer of oxygen * PO; = Py X Fi0;, where: Ploz: 160 mmHg

from air to mitochondria. o Pgis 760mmHg Plar: 7 mmHg

* In each step of the cascade the PaO; falls ° FiOy 18021 Plcoz: 0.3 mmHg

, . . ¢ Therefore, PO, = 160mmHg
It demonstrates that oxygen delivery to tissues relies Plo2: 160 mmHg

on the passive transfer of gas down partial Alveolar Gas *

pressure gradients. Ideal alveolar PO is calculated using the alveolar gas

equation: tracheal
, CO : humidi
P,O> = P;0O> L A'”- + F, where: 149 n"ngg
e P,0; is the alveolar partial pressure of oxygen

o Humidified tracheal gas e P;0)s is the inspired partial prassure of oxygen l

o Alveolar gas e P.CO, is the arterial partial pressure of carbon

* The steps of the cascade are:

© Dry atmospheric gas

o Arterial blood dioxide respiratory PaCO2

i i * R is the respiratory quotient, where —p * Pa02
©o Mitochondria p _ Volume of COs produced
Vaolume of O conyumed
o Venous blood :

.

Arterial Blood {

* Normal arterial POz is 130”"2?82; 100 mmHg

Huazuiedi fiexd
Air

Mitochondria

¢ PQO> varies with meatabolic a

quoted as bmmHMHg
¢ The Pasteur point is the partial predgure of oxygen at
which oxidative phosphorylation ceas

~1 2 [
T Pa02: 5 mmHg

venous Blood

P i { 1 "
Mixod Veaous * POy is greater than mitochondrial POz
Mixed venous blood typically quated as 40mmHg

¢ Higher than mitochondria as not all arterial blood

»@ travels through capillary beds Pa02: 40mmHg

| LIFE IN THE
Locutlivg }
7 FASTLANE THE UNIVERSITY OF
LBALABAMA AT BIRMINGHAM




exchange bedween copillary and bedy Hissee.

A1 B atented, Viasd presiers |1 Nghet s e
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TISSUE CELLS

Qﬂﬂ

AMINO  GLDCOSE WATER

FROM REART

TISSUE FLUID

£ the vontus, bioed proveues it lowie thiw 15 coments
procsen ood e wome Fund 1 resboorbed whs the biood

10 HEART

lllld'm-n ‘]mm-

Lumen

Endothelium

Internal
elastic lamina

-- = - Basement
External o membrane

Smooth
muscle _

elastic lamina o

Adventitia

Filtration

Erythrocyte
(red 2loce cell)

Endothelium  \

Capillaries

No net movement

Basal lamina

Pericyte Valve

— Endothelium

Smooth
muscle

Basement
membrane

Adventitia

Reabsorption

Anenal end
net fltration pressure B
= +10 mm Hg

Fluid exits capillary ainceo
capillary hydrostatic pressure
(35 mm Hg) is greater than
bloed colloidal osmotic
pressure (25 mm Hg)

No net movemert of fluxd
since capillary hydrostatic

pressure (25 mmr Hg) = blood

colloidal osmotic pressure
(25 mm Hg)

Fluid re-enters capillary
since capillary hydrostatic
pressure (18 mm Hp) is less
than blood colloidal osmotic
pressure (25 mm Ho)
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Atmospheric air
Pa0, = 159 mmllg
Alrway gas

. Pa0O; = 149 nunlig
ITumidification

Dilution by CO,
Alveolar gas :
Pa0, = 99 mmilg Lndcapillary blood
© Pa0,=almost 99 mmHg  Arterial hlood

= 92
Diffusion Venous admixture | Fall; = 9
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Diffusion
Tissue (brain):

PaO; = 33 mmHg

Diffusion & Mitochondria
PaQ., = 5mml 1g

Position in the circulation

“THE UNIVERSITY OF
ALABAMA AT BIRMINGHAM




10th Annual Dr. Louis S. Pappas Educational Seminar
June 10, 2023

CELLULAR RESPIRATION
IN THE AEROBIC WORLD

AFTER A LONG BEGINNING ON AN ANAEROBIC PLANET

OXYGEN AND IRON

James R. Boogaerts, MD, PhD, FACC
UAB Division of Cardiovascular Disease
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Pulmonary Physiology, Tenth Edition . End expiraticn Deep inspiration

Figure 2-3. Hlustration of the actions of diaphragmatic contraction in expanding the thoraci: cavity
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Atmospheric pressure: 0 cm H,0 Atmospheric pressure: 0 cm H,0

No air flow: atmospheric l Air flows in :atmospheric

pressure = alveolar pressure

pressure > alveolar pressure
Outward recoil
\\ of chest wall

Force generated by
inspiratory muscles
| \ f

—

Alveolar pressure:

\J 0 cm H,0

\" Alveolar pressure: \ \
-1 cmH,0

. |
Intrapleural pressure: . Inward recoil / |
-5¢cmH,0 B of alveoli \ Intrapleural pressure:
2 V [ ' ’ ‘ 8 cm H,0
Z

/ \\; | K

0cmH;0~(-5ecm H,0) = +5cmH,0

Transmural pressure =
-1 ecm H,0-(-8 cm H,0) = +7 cm H,0

End expiration During inspiration

Figure 2—1. Representation of the interaction of the lung and chest wall. Left: At end expiration, the muscles of respiration
are relaxed. The inward elastic recoil of the lung is balanced by the outward elastic recoil of the chest wall. Intrapleural
pressure is —5 cm H,O; alveolar pressure is 0. The transmural pressure difference across the alveolus is therefore o cm H,O
-(-5cm I1,0), or 5 cm H.,0. Since alveolar pressure is equal to atmospheric pressure, no airflow occurs. Right: During
inspiration, contraction of the muscles of inspiration causes intrapleural pressure to become more negative. The transmural

Pulmonary Physiology, Tenth Edition
o evciy | o0 T, = PRSI
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Pulmonary Physiology, Tenth Edition
by Michael Levitzky | Aug 30, 2022
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The standard lung volumes and capacities.
Typical values for a 70-kg adulit.

Pin2: 590 mmHg
Plo2: 160 mmHg
Plar: 7 mmH

Plco2: 0.3 mmHg capacity (IC) 4

Total lung

capacity (TLC) {

60L

- capacity (FRC)

-

Inspiratory

3.0L

Functional
residual

3.0L

Current atmospheré

Maximal inspiration 78% N2
¥ 21% O2

-

”~
f

Inspiratory reserve
volume (IRV)
2.5k

0.9% Ar
0.04% CO:-

Vital
[ capacity (VC)

Tidal velume (V1) 0.5 L

Resting | 45 L
~—

Expiratory reserve
volume (ERV)

1.5L
{

volume

J

Residual volume (RV)
15L

Maximal expiration

No air in lungs

Pulmonary Physiology, Tenth Edition
by Michael Levitzky | Aug 30, 2022
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Mitochondrial Intermembrane space
2H*

ATP synthase

(

4H" NADH Succinate

Complex | Fumarate
NADH Dehydrogenase
Complex |l

Succinate dehydrogenase
Complex Il

Cytochrome b-c4

Electrochemical proton gradient

Complex IV
Cytochrome ¢ oxidase

Matrix

P—— Oxygen is not only required for oxidative
S Nistrix granule phosphorylation but also serves as the essential
efbesome - gybstrate for the formation of reactive oxygen species

3 Lamellae
3.1 Inner membrai
3.11 Inner boundary rnembrane
3.12 Cristal membrane o
3.2 Matrix -
3.3 Cristae T -—

7 A:TP synthase

2 Intermembrane space

— 2.1 Intracristal space
/ 2.2 Peripheral space

1 Outer membrane

1.1 Porins — —

= - -
———

In_the primordial atmosphere.-
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April 2021

The Oxygen Cascade Dunng Exercise in

Health and Disease

PhD; Chad C. Wiggins, PhD; Tuhin K Roy, PhD, MD;

Secomb, PhD; Timothy 8. Curry, PhD, MD; and Michae

loyner, MD

REVIEW

The oxygen transport cascade describes the physiological sieps that bring atmespheric oxygen into the
body where it is delivered and consumed by metabolically active tissue. As such, the oxygen cascade 15
fundamental 1o our understanding of exercise m health and disease. Our namative review will ngh-
light cach step of the oxygen transport cascade from inspiration of atmospheric oxygen down to
mitochondrial consumption in both healthy active males and females along with clinical condivons
We will focus on how different steps interact along with principles of homeostasis, physiological
redundancies, and adapuation. [n particular, we highlight some of the parallels berween elite athletes
and clinical conditions in wrms of the oxygen cuscade

2020 Maye Foundation kr Modicsl Education and Rosearch ® Myp O Proc. 202! 760101702

n the era of molecular biology it 1s easy to

overlook the central role that the oxygen

melecule plays in life. In complex organ-
isms, where most cells are anatomically
remote from aumospheric oxygen, a rans-
port and gas cxchange system s required
to mave oxygen from the air 1o the tisues
and supports the continuous generation of
wdenosine triphosphate vin oxidative meta-
bolism. To defend whele body homeostasis,
this system must be robust enough to sustain
vast increases in oxidative metabolism dur-
ing exercise, survive at ligh altitude, and
— at the opposhe end of the homecstatic
spectrum — withstand substanual insults
to key elements of the system as<ocuated
with discase. In this review, we will follow
the movement of oxygen from the air o
the tesues and use exaumples runging from
elite athletes, rare patients, and comparative
biology to show kcy principles of oxygen
transport in humans. The impressive adap
tive nature of the cardicpulmonary sysiem
will be emphastzed and the redundant na-
ture of physiological contral mechanisms
and related anatomical design features will
be highlighted.

THE PROBLEM

| he partial pressure of oxygen in air at sca level
15 ~ 150 mm Hg but in the mitochondna of
exercising skeletal muscle the partlal pressure
of oxygen can be ~ 100-fold lower without sig-
nificant engagement of anaerobic energy mets

bolism. Thus, the quesnon is, how does this
happen and what systems are engaged as it ce-
curs? In this context, it s alo mpoctant to
consider the range of oxygen consumption
that can be seen 1in humans In healthy young
adults, resting metaholic rate i« approximately
3.5ml O - kg of body weight - min” and it
can increase to more than 90 nl O, - kg™' -
min " in at lest some of the most aerobycally
trained elite athletes.” At the epposite end of
the O, uptake spectrum, even modest metabolic
rates require physiological redendancies to be
engaged in patients with diseases that hinder
the ability 1o take up, wransfer, ind utlize oxy-
ger Notable exiunples include marked tachyp

nea or tachycardia even during very modest
levels of exercise in patients with diseascs,
such as chironie obstructive pulmonary disease
or congestive heart failure, along with a marked
redistribution of blood fHow away from inactive
tissuies 10 the active muscles -

Naye Clia Proz. & Aprl 2020 968.7017-1032 & rhps Aeokorg/ M0 1016/ mayacp 202006 063

W el Cprcceed s ng ®

2000 Mavo Foundaon for Medea: Education and Hesearch

wy > Noora
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The Oxygen Cascade Dunng Exercise in
Health and Disease
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The Oxygen Cascade
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(A)

Reactive oxygen species

Antioxidant defenses o) S ( RO S)

are highly reactive

chemicals formed from
etal ion Neutralize ROS . .
Fe. T diatomic oxygen (O,).

Sense O,
\ Heme /

E.g., Fe, Cu, Mn
Store 02

Transport O, Release O,

@ Chiorophyll

Cc CC

peroxides, superoxide,
hydroxyl radical, singlet

Figure 2.

(A) Transitional metals ions functioned as signaling and antioxidant molecules in the earliest , . , .
s LN : ROS acticn on ONA, lipds and proteins lead to DNA base owdaton. lipic

organisms. A molecular cage, for example, prophyrin ring, trapped these metal ions, for peuxdation and protsn sarbooyaton. especlivaly. * Unaained slestron,

example, forming a heme molecule. Adding various polypeptides modulated the action of

heme, resulting in heme proteins. By exaptation heme proteins participated in the
neutralization of reactive O, species as well as the sensing, storage, transport, and release of / 1 \
mr%ﬁng iron) is remarkably similar to that of chlorophyll
(containing magnesium). )

DNA base oxidation Lipid peroxidalion Protein carbonylation
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https://en.wikipedia.org/wiki/Oxygen

What will be covered:

1) How elemental Iron (Fe) and Oxygen (O) got their start

- 2) How molecular Oz in oceans and atmosphere rose
long after life began ... how Fe?2+ delayed that rise

3) Why Iron (Fe) is central to cellular metabolism

4) Why aerobic (O2) cellular respiration became dominant
in a previously anaerobic world
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Apex

Upper pointed tip of the lung;
projects above level of clavicle

Pulmonary arteries
Divide many times, bringing
deoxygenated, dark red
blood from the heart

Right lung
Like the left lung has ten

bronchopulmonary segments l

Superior lobe
Contains three
bronchopulmonary segments

Pulmonary veins
Unite to send oxygenated
“red” blood to the heart

Horizontal fissure
Between supenor and
middle lobes of nght lung

Terminal bronchioles

Tiny bronchioles - about 30,000 in
each lung; the next-to-last divisions

of the segmental bronchi, each
branching into two or more respiratory
bronchioles that lead to alveol

e e e e e e

Pleural membranes

Two membranes that cover sach lung;
visceral ploura wraps directly around
the lung; parietal pleura lines the chest
cavity; pleurae separated by a very thin
layer of lubricating pleural flud, allowing
themn to slide easily within the chest
cavity dunng breathing

Inferior lobe
Contains five

' bronchopul ry segments

Oblique fissure
Between meddle
and inferior lobes
of the night lung

Trachea
wWindpwpe; carries air
in and out of lungs

Left primary bronchus
Narrower, less vertical, and longer
compared to the right primary bronchus

Secondary
(lobar) bronchus
One of two alrways,
oach supplying a
lobe of left lung

Tertia

(segmental

!
'-) One of t

bronchus
en smaller

' a L airways, each of
) which aerates &
sbronchopulmonary

Middle lobe
Contains two
bronchopulmonary
segments

segment

Base
Upcurved diaphragmatic
surface, with diaphragm
breathing muscles below

P
(8

Cardiac notch Inferior lobs

Space taken up by the heart

Superior lobe Oblique fissy
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What you see depends on your perspective.

MEARTH'SMOON near

Tidal Locking - You’ve only ever seen half of the Moon in the sky. Earth’s
Moon rotates, but it takes precisely as long for the Moon to spin
on its axis as it does to complete its monthly orbit around Earth.

As a result, the Moon never turns its back to us. In fact, all the
solar system’s large moons are tidally locked with their planets. Lﬂ{'ﬂﬁé’k‘.&.‘fﬁ%"é}'gﬂ%gﬂm




front Complete Anatomy 2023 oF: (] L
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We shall not cease from exploration

And the end of all our exploring
Will be to arrive where we started

And know the place for the first time.

T.S. Eliot --- "Little Gidding" ... Four Quariets




there in fromt of you

... that’s where it always is ...

with just a little knowing,
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PRINCIPLES OF GEOLOGY

By SIR CITARLES LYELL, Barr. M.A. F.ILS.

ELEVENTH AND ENTIRELY REVISED EDMTION

LONDON
OHN MURRAY, ALBEMARLE STREET

Within 30 years, Birmingham would spring from the earth at the

’ spot where coal, limestone and iron ore-~which gives Red Mountain
From the abundance, accessibility and richness of this iron ore, its proximity to the coal field and to the ks color and name — naturally existed within 20 miles of one another.

navigation of the Tombigbee River, | can hardly doubt that, like the coal itself, [Birmingham] is destined, at no distant Birmingham became known as the Magic City because it burst forth

day, to be a source of great mineral wealth to Alabama.” - 1846 p  from the mountain as if by magic, with 3,086 residents according to
the 1880 census.

N 84

Sir Charles Lyell

Principles of Geology - 1830 THE UNIVERSITY OF
LM [ Z6 WA AT BIRMINGHAM



Verba volant, scripta manent.

Spoken words fly away, written words remain.
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RED MOUNTAIN
MINING OPERATIONS

Jefferson County, Alabama
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Birmingham: A Powerful History Forged from Iron

The Ensley Works operated between 1888 and 1976 and became part of U.S. Steel in 1907.
For years, it was the largest steel producer in the Southeast.
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Ben Vaughn Branscomb (1924 - 2016) was a pioneering pulmonologist and
distinguished professor emeritus at UAB.

He attended the Asheville School and Duke and, due to the need for medical
practitioners in World War |, was admitted to medical school there at age 17. After
graduating he served briefly on a destroyer during the war. Later, during his internship
at the University of Chicago, Branscomb contracted tuberculosis from a patient. He
was admitted to the Adirondack Cottage Sanitarium at Saranac Lake, New York.

While there he decided on his specialty and used a full-time job in the sanitarium's
research laboratory to begin his training as a pulmonary physiologist. In 1950 he was
recalled to military duty in the Korean War before he completed his residency there. He
convinced military officials to post him as a researcher for the United States Public
Health Service Commissioned Corps, where he pioneered the study of pulmonary
function at the National Heart

Once discharged, he was recruited to the Medical College of Alabama by Tinsley
Harrison. Soon after his arrival, Branscomb began selling up pulmonary laboratories
at area hospitals equipped to administer the "flow-volume loop" test for breathing
capacity that he developed. He became a pioneer of research into emphysema and
personally tested 200 members of the 88th United States Congress in July 1963 using
a mobile diagnostic unit of his own design. His own research established quantitative
links between lung disease and smoking and air pollution.

eater Birmingham Alliance to Stop
Air Polluuon m and was the onlv medlcal specialist appointed to the Alabama
Air Pollution Controf Commission in 1971.

Dowmtown Bir ﬂvl‘vgh-'..’l‘ December 1565 ~ photo counesy of Jefterson Count Y Cepartment of

Healkh

' In the 1560s, that is what truckers used to call Birmingham when they reached the

outskirts of Alabama's largest city — the self proclaimed “Pittsburgh of the South”

Before the

1 was passed in 1970, soot and smog engulfed Birmingham
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Synthesis of the Elements in Stars®

E. MArRGARET BurBinGE, G. R. BurBIDGE, WiLLiax A. FowLer, AxD F. HovLE

Kellogg Radialion Laboralory, California Institute of Technology, and
Mount Wilson and Palomar Observatories, Carnegie Institution of Washinglon,
California Instilule of Technology, Pasadena, California

“Tt is the stars, The stars above us, govern our conditions™;
(King Lear, Act TV, Scene 3)

but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
(Julius Caesar, Act I, Scene 2)
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ssynthesis Is the creation (nucleosynthesis) of chemical elements by nuclear fusion reactions within

stars. Stellar nucleosynthesis has occurred since the original creation of hydrogen, helium and lithium during the Big

Bang. As a predictive theory, it yields accurate estimates of the observed abundances of the elements. It explains why
the observed abundances of elements change over time and why some elements and their isotopes are much more
abundant than others. The theory was initially proposed by Fred Hoyle in 1946, who later refined it in 1954. Further

advances were made, especially to nucleosynthesis by neutron capture of the elements heavier than iron, by Margaret
Burbidge, Geoffrey Burbldge, William Alfred Fowler and Hoyle in their famous 1957 ©

feleel;
».!..‘

"v.'/'?- SIS OF (he

., which became one of the most heavily cited papers in astrophyslcs hlstory

“THE UNIVERSITY OF
ALABAMA AT BIRMINGHAM

oy
7ils |



Gamma ray Y

Positron Neutrino V

CNO-l cycle
The helium nucleus is released at the top-left step.

) Proton

) Neutron Gamma ray Y
Positron Neutrino D

Proton—proton chain reaction lnmiéﬂn\fﬁgR%NGHAM
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BURBIDGE, BURBIDGE, FOWLER, AND HOYLE

HYDROGEN BURNING ———==

I _pp 4
H =cr=He

8 l
‘Cuz_ - P
n—/—/
s o7
/

L
|

—a——— HELIUM BURNING

/n
Ne =tw Ne'—-= Ne?2 = Na° == N&°

S-process
Mg24 on Ne®?

EQUILIBRIUM

Neutron Rich
Isotopes

3
[+
S

= Iron

Z< ——a s —
i Group /§1l_ow ”cgpturo(s-prooe
¢

ss)
. on Fe%é

Heavy :
| S Rapid capture r-process
Proton RichEle";ems crese (on Fee )

Isotopes »
(p-_g:gg::ss) : fission
y Transbismuth (U. Th. etc)
Elements , 1N, €1C

w—p Main Line: ﬁ;’,’g{;‘.}ﬂgg weeem= Equilibrium: e-process

—w Less Frequent Processes === Alpha Capture: a-process

e Neutron Copture: ﬁ - ';:82::: - —m= Modifying Process: p-Broeess
y-

rocess
= = Catalytic Process:CN, Ne Na cycles |——= Alpha decay or Fission

Fic. 1,2. A schematic diagram of the nuclear processes by which the synthesis of the elements in stars takes place. Elements
synthesized by interactions with protons (hydrogen burning) are listed horizontally. Elements synthesized by interactions with
alpha particles (belium burning) and by still more complicated processes are listed vertically. The detalls of the production of
all of the known stable isotopes of carbom, nitrogen, axygen, fluocine, nean, and sodium are shown completely. Neutron capture
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Deficiency

deficiency was an absolute state in the early universe. Large, first-
generation stars consume hydrogen and produce helium in their 10 million
degree plasma fusion furnace cores. Helium nuclei accumulate, concentrate,
fuse, and raise core temperature to 100 million degrees. Further fusion forms
beryllium and then carbon. Helium-carbon collisions produce oxygen, then
neon, magnesium, and silicon.

At this point, though, a crisis develops. Although the concentric shells of
oxygen, carbon, helium, and hydrogen continue to produce enormous quantities
of fusion-derived energy, the accumulating silicon core approaches a
thermodynamic dead end. At 4 billion degrees, silicon fusion forges a new

element, , Into existence. The nuclear stability of the rapidly forming
atoms is greater than that of any other, even more massive, as yet unformed
elements that might result from further fusion.

Therefore, in the stellar core cannot serve as fuel for exothermic nuclear
fusion and provide the immense energy output necessary to heat the core and
counterbalance the persistent struggle toward gravitational collapse.

“THE UNIVERSITY OF
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Supernova

As the core cools and compresses, the temperature increases. However, nuclei are so
stable that no further fusion can occur. Instead, nuclei succumb to high-energy gamma

radiation and photodissociate into helium, triggering a catastrophic collapse under the
gravitational pressures of the outer layers. Incredible densities are generated, causing electrons
to penetrate protons, forming neutrons and neutrinos. The rebounding shock wave of this
collapse accelerates neutrons and neutrinos outward, while the bulk of the core becomes sealed

off forever as a new black hole is formed.

The outer layers of the star explode outward at speeds approaching 0.1 ¢, forming a

supernova. Neutrons riding the shock wave overtake the exploding layers of silicon,
oxygen, carbon, and lighter elemental nuclei. Collision with these elements results in neutron

capture and the progressive formation of all the heavier elements.

u.l.’

ol » [ |
VICr Mn| Fe|Co J| Cu Zn‘Ga Ge

| @ 0

a | e & & It ' ‘
Zr | Nb|Mo Tc |Ru|Rh Pd Ag (‘d mISn

e (Os | Ir Pl Au. HL] TI Pb
: Mt Uun UuuUub E

NcJPm Sm Eu Gd Tb Dy !
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29 30
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Fr
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*Lanthanide series

**Actinide series
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7 20
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Uuu{Uub

and Oxvegen are the most abundant elements on earth: 35% and 30% . respectively.

Most of the

is concentrated in the planet’s core, while the crust contains 6 % by mass.
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Regarding the composition of the atmosphere:

1) Earth’s atmosphere is not the same
in every location on the planet.

( 3rd dimension: altitude )

2) Earth’s atmosphere has not been the same
throughout the history of the planet.

( 4th dimension: time)
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Partial pressure of oxygen

Barometric pressure
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©-o. o Atmospheric O, partial pressure
L2 0-0.0.

O 0.0
0
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Review Article

Partial pressure cf ocygenin the
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ATMOSPHERIC OXYGEN
PRESSURE PRESSURE
LOCATION ELEVATION Py=760(¢™ ") (= 21% aimospheric pressure)
(ft.) (mmHg.) (mmHg.)

{)
(50

Cades Cove 1800
Spence Field 4900
Newtound Gap 5050
Clingman’s Dome 6641
Thunderhead 5500

Jackson Hole 6447
Yellowstone Lake 7730
Grant Village 7810
Old Faithful 7400
Jackson Lake 6772
Colter Bay Village 6340
Jenny Lake 6783
Inspiration Pomnt 7200
Fork of Cascade Canyon 7800
Lake Solitude 0035
Paintbrush Divide 10700
Holly Lake 0410
Hurnicane Pass 10400
Alaska Basin 8900
Death Canyon Trailhead 6RO
Death Canyon Shelt Q500
Fox Creck Pass 9560
Lupine Meadows trailhead 6700
Surprise Lake 9700

P Mt Everest 29035
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Mt. Cammerer
4,928 ft.
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Current atmosphere¢
78% N2
21% 02
0.9% Ar
0.04% CO:

The adaptability of human physiological processes to significant variations in
environmental conditions i1s remarkable. The ability of the respiratory system to modify
its function 1n response to altitude 1s an example. As seen 1n the last 1ssue of this guide,
there is a decreasing partial pressure of oxygen (O,) as one ascends. Carbon dioxide
(CO»), the other major gas of importance in cellular respiration, also diminishes n
prcssure, but its content 1s negligible (0.04%) in the present carth atmosphere.

Interestingly, CO,, not O, , is the gas that normally regulates minute-to-minute
ventilation (breathing). As the level of CO, increases in the blood, the acidity of the
blood increases slightly (pH decreases); specialized neurons in the brainstem sense this
and cause an increased ventilatory drive (heavier breathing). This is the usual control
system of breathing. In the normal circumstance, if the lungs/ventilatory system is
maintaining adequately low CO, levels, the O, levels will be just fine.
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However:

For millennia, aqmospheriq carbon dioxide had never been above thi
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H ALTITUDE PHY
Acute Mountain Sickness (AMS)

As discussed in the second issue of this guide, it is the adaptive transfer of ventilatory control
from the predominant central (brainstem) CO,/pH receptors to the peripheral (aortic/carotid body) O,
chemoreceptors that characterizes acclimatization to increased altitude. This adjustment takes a
variable amount of time and individuals vary in their ability to acclimatize. Interestingly, an
individual’s level of physical conditioning / fitness does not predict readiness of acclimatization or
tendency to develop AMS.

As it turns out, the altitudes that we will be experiencing in Yellowstone and the Grand Tetons
are just at the borderline where AMS might be considered likely. It would be different if we were
planning ascent of Grand Teton peak (13770 ft.), at which altitude, AMS symptoms of some degree
might be expected in >25% of people.

So, what is AMS, what causes it, what are the symptoms, how can its likelihood be
diminished? Hypoxemia (relatively low O; levels in the blood) is the abnormality that results in the
changes that cause AMS symptoms. As mentioned, there is a period of acclimatization to altitude
during which hypoxemia (low O, in the blood) is not sufficient to drive the ventilatory rate upward to
correct the problem, since the CO,/pH regulation dominates control of ventilation.
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94 mmHg
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August 2018 Mt. Whitney trek

O ELEVATION GAIN

*© 803 miles Y 19383 feet

Round trip distance ( full trek )

Atmospheric pressure: 440 mmHg

s N Plo2: 93 mmHg

. B
- ' )
: > e 1
.
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Everest summit: 29,035 ft.
Atmospheric pressure: 253 mm Hg

- 5. Plo2: 47 mmHg
} .

’ " . ". : F- .
On May 29, 1953, mountaineers Edmund Hillary and Tenzing Norgay set foot atop Mount Everest, the world’s
highest mountain. They were the first ever to reach Its 29,029-foot peak.
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May 29, 1953
Mt. Everest
summited
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0 1953. John Gibbon

¢ the first successful cardiac surgery(ASD
repair) using a pump-oxygenator

Jefferson Medical College
Philadelphia




0 1955, John Kirklin

e the second successful cardiac
surgery(VSD repair) using a pump-
oxygenator('Mayo-Gibbon bypass
machine’)

For a brief period of time
(1955-1956), there were
only 2 hospitals in the world
where open heart surgery
was being done on a daily
basis: Lillehei at the

University of Minnesota and,
60 miles away, John Kirklin

at the Mayo Clinic. Surgeons
' came in droves from all over

' t \ r the world to see these 2 men
| John Kirklin at work.

In 1966, ujr--:xjrk_lih"became surgeon-in-chief and THE UNIVERSITY OF

chairman of the Department of Surgery at UAB. ALATAIIA AT SO M
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MEGA LAURASIA
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Grand Teton Mount Moran

12602 14

Rendevous Mountain

-

By

gt ‘4 o
ﬁg"?\"\ 5 >

2.8 and L5 billion vear alline baserment: granitic and metamorphic rocks. |
540 to 243 million year old rocks primarily deposited in a deep ocean: hmestone, |
sandstone, shale and dolomite.

245 10 66 million vear old rocks deposited mainly in a shallow ocean: siltstone,
limestone, sandstone, gypsum, conglomerates, coal beds and shale.

60 million to 3 million vear old volcanic conglomerates, T, clay stone, sandstone
deposited in shallow lakes accompanied by local volcanism.

2 million year old rhyolite and welded tulf deposited during Yellowstone’s first
etant, caldera-forming volcanic eruption.

150,000 to 14,000 year old glacial outwash and till deposited by glaciers.

1.6 million year old to present, landslide and stream deposits, gravel, sand and
alluvium.
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The Yellowstone-Teton Geologic System
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Red Mountain

Tannehun
Rock Mountain State Park

Jones Valley Shades Valley

1.ooe

lost portion Digging and grading took 7 years, from 1962 to 1969,
tilt of rock lavers e EREand the cut was opened to traffic in 1970. The removal
y of 2 million cubic yards of the ridge of Red
Mountain exposed over 190 million years of geologic
strata dating to over 500 million years ago.

The Ordovician, Silurian, Devonian and
Mississippian geologic periods are visible in the cut.
Special features include caves, volcanic ash layers, the
_ | : S W ~ Red Mountain fault line, prehistoric reefs and beaches,
4 I N g L e S Efossils, and fossil tracks.

| downtow)
\’Bifiﬁiiibh”a"i

Significantly, the cut reveals the cross-section of
he red ore seam that spurred Birmingham's
development and a layer containing fossils of a unique
Silurian trilobite species.
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ROADSIDE

QU _JEOLOGY OF
ALABAMA

Fiure 6. Maye Ichoaces 1 Kad Worntas Femadvm. hooy «0ff scabd in feot, sarmer <1 fonl. (A) *acex |
Cong omeracks revinomest I fom e Kidezy bal berweea e 362 and roodae scams atthe type seotion. bu-
Sl polelds Ihhey and sribaied rvasuey 2 Boeatorss. (8 ) Faion 1. Croms-Oiod resomc ruen sl inke
froex VMorma Ul bade st hiflaer Mases Alnvars (7)) bBwvve | Riencdind thermegnane) saveehwnde froum Morroa
Goap oial Shoond, Rumss Mines, AL D) Faces | Cros-badda) gaal -6l sandsone inierhodded with estuwin
shwle, Weloor Gag bees, trpe soction (E' Facies 3. Hammxky srose-beddod sanditone fceos, Tackor Ridee Vienix

{ Roadside Geology of Alabama Bt s i 5 s o b b e s e s
' Paperback — April 15, 2023

GA. (H P'sie 6 L baldeld Tinmes one-sdade ooies, e of Burangluas Member, Duk vy
: ; : : : Stratigrachy and depositional environments in the Silurian Red Mountain
by Mark Steltenpohl (Author), Laura Steltenpohl (Author), T '

Forma:ion of the southern Appalachian basin
The Geological Society of America - Field Guide 39 - 2015

Timotty M. Chowns* - Department of Geosciences, Unwersity of West Georgia
Andrew K. Rindsbe'g* - Department of Biological & Environmental Szlences, Universty of West Alabama

Chelsea Feeney (Ilustrator)
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There are both Red Iron Ore (Hematite) and Brown Iron Ore (Limonite) deposits in the
vicinity of Birmingham. These deposits are the southeastern continuation of the Silurian
Clinton Iron Formation which extends from New York State along the Appalachian
Mountains. Red Mountain on the east side of the city was the location for most of the
iron mines. Many antebellum charcoal furnaces utilized the Brown Limonite Ore;
however, after the Civil War, the mainstay of the iron and steel industry was the Red
Mountain Hematite Ore. The hematite ore beds were in the Red Mountain Formation
with a dip of about 16°. The greatest production came from the “Big Seam.” This seam
was 15-22 feet thick and divided into parts by a small bed of slate. Smaller amounts of

production came from the thinner Ida and Irondale Seams located above and below the
Big Seam respectively.
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See: Red Mountain Cul
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TRAIL CLIMBS FROM 2157 SOUTH TO
o 157 BENCH OF  THE RED MOUNTAIN CUT -
»
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There are six electrons in the outer orbital of an oxygen atom. In a water molecule,
two of these electrons bond with the lone electron of each hydrogen atom to form two

“bond pairs”. The remaining four oxygen electrons pair up to form two “ione pairs”,
(it is energetically favorable for electrons with opposite spins to form pairs.)
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Hydrogen
bonds

The weak hydrogen bonds formed between water molecules are responsible for many of the unique
properties of liquid waler.
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The bipolar lipid membrane always forms the boundary of every cell, separating
the aqueous internal living system from the aqueous external nonliving environment.

outer face

cholesterol
sugar side chain

hydrophillic (polar)
head of phospholipid .
integral (intrinsic) proteins peripheral (extrinsic) protein

hydrophobic (nonpolar)
fatty acid tail
of phospholipid

inner face

Rudolph Virchow is best remembered today for his succinct proclamation (1858) of one of biclogy's universal laws:

Omnis cellula e celia.

Every cell comes from a preexistent cell.
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LOST WORLDS
INALABAMA ROCKS

A Guide to the State’s Ancient
Life and Landscapes

Jim Lacefield

VT, ]
..;'

-

A Timetable of Alabama Geologic History

Time Period When Began

{n mWioes of yaars)

10,00 years | Holocene |

Quaternarya

Cenozoic Era

|
retaceous

Mes ozoic

car
iferous

Devonian

Paleozoic Era

Archaean
Eon 3.8 billion

“Precambrian”

4 billion

Life and the Land
Through Time

[ Yo

Significant Evenls in Alabama’s
Geologic History

our present epoch of Earth history
lbe “lea Age”; Alabama ecm:)nemc unlike
gufa

Alabama landscape undmgoos sfw UpiiR,
deep erosion of upands

Earth's climate becomes unstable; fossil
pollen studies show deciduous trees start
to dominate Alabsma forcsts

Algbama climate warm aad wed, folc.srs

still contain many tropical tree species:
lignite coal forms in Gulf coastal marshes

aca Jovels very high, ¥ )

nost of Alabama; "Selma chalk™ farms

are; dinassurs roam tropical jungles

oycm’m of the Gulf of Mexico; Alabama
climatc still hot and dry; rich oil deposits 159
form along edge of young, expanding Gulf| 3700,
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Anoxygenic photosynthesis modulated Proterozoic
oxygen and sustained Earth’s middle age

mid-Proterozoic
A D. 1. Johemton S\, F. Wolfe-Simorats, A, PearsorP?, aad A, H. KnolB
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with photic zone euxinia

Fe-rich
RSOV A Molecular oxygen (O2) began to accumulate in the atmosphere and
’ surface ocean ca. 2,400 million years ago (Ma), but the persistent
oxygenation of water masses throughout the oceans developed

much later, perhaps beginning as recently as 580~550 Ma. For much
: ' : , of the intervening interval, moderately oxic surface waters lay
** | > above an oxygen minimum zone (OMZ) that tended toward eu-
Primary xinia (anoxic and sulfidic). Here we illustrate how contributions to
Producers primary production by anoxygenic photoautotrophs (including
algae physiologically versatile cyanobacteria) influenced biogeochemical

. ling during Earth’s middle age, helping to perpetuate our
_ z:neg's inter?nediate redox statg by te‘:npgering pozp:rodudion.
= - 3 Specifically, the ability to generate organic matter (OM) using
R e v e T g e Eukaryotic sulfide as an electron donor enabled a positive biogeochemical
large animals Heterotrophs W feedback that sustained euxinia in the OMZ. On a geologic time
K scale, pyrite precipitation and burial governed a second feedback
. that moderated sulfide availability and water column oxygenation.
2500 2000 : 0 (Ma) Thus, we argue that the proportional contribution of anoxygenic
photosynthesis to overall primary production would have influ-

enced oceanic redox and the Proterozoic O; budget. Later Neo-

proterozoic collapse of widespread euxinia and a concomitant

—\ ‘ return to ferruginous (anoxic and Fe?~ rich) subsurface waters set
in motion Earth’s transition from its prokaryote-dominated middle
age, removing a physiological barrier to eukaryotic diversification
(sulfide) and establishing, for the first time in Earth’s history,

complete dominance of oxygenic photosynthesis in the oceans.
This paved the way for the further oxygenation of the oceans and

p rimary P roductivity ¢ 7 atmosphere and, ultimately, the evolution of complex multicellular
2 ° ; ' organisms.

'?llllll.'llll "nn
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Compr Physiol. 2013 Apgl?3(2): 849-915. doi: 10.1002/cphy.c120003.
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Evolution of Air Breathing: Oxygen Homeostasis and the Department of Internal Medicine
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Connlg C. W. Hsia"', Anke Schmitz?, Markus Lambertz?, Steven F. Perry?, and John N.
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'Department of Internal Medicine, University of Texas Southwestern Medical Center, Dallas,
Texas

Phanarozoic
?|nstitut fir Zoologie, Rheinische Friedrich-Wilhelms-Universitat Bonn, Bonn, Germany ) St OT

‘Department of Zoology, University of Johannesburg, Johnannesburg, South Africa

[ Cenozoic

Abstract

Life oniginated in anoxia, But many organisms came to depend upon oxygen for survival,
i 2 diverse respiratory systems for acquiring oxygen from the environment.,

Ambicnt oxygen tension (PO;) fluctuated through the ages in correlation with biodiversity and
body size, enabling organisms to migrate from water to land and air and sometimes in the opposite
direction. Habitat expansion compels the use of different gas exchangers, for example, skin, gills,
tracheac, lungs, and their intermediate stages, thet may coexist within the same species;
cocxistence may be temporally disjunct (e.g., larval gills vs. adult lungs) or simultancous (e.g.,
skin, gills, and lungs in some salamanders). Disparate systems exhibit similar directions of
adaptation: toward larger diffusion interfaces, thinner bammiers, finer dynamic regulation, and
reduced cost of breathing, Efficient respiratory gas exchange, coupled to downstream convective
and diffusive resistances, comprise the “oxygen cascade™ — step-down of PO, that balances supply . Burrowing

agamst toxicity, Here, we review the ongin of ocygen homeostasis, a primal selection factor for - animals bt s
all respiratory systems, which in turn function as gatekeepers of the cascade, Within an organism's o ? Small
lifespan, the respiratory apparatus adapts in vanous ways to upregulate oxygen uptake in hypoxia ‘ mammals
and restrict uptake in hyperoxia. In an evolutionary context, certain species also become adapted Land O T senall

to eavironmental conditions or habitual organismic demands. We, therefore, survey the plants Fores! tiros \ ferns
comparative anatomy and physsology of respuatory systems {rom invertebrates to vertebrates.
water to air breathers, and terrestrial to aerial inkabitants. Through the evolutionary directions and
varicty of gas exchangers, their shared features and individual compromises may be appreciated.
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Figure 152 The five major morphological types of
Cyanobacteria. (a) Unicellular, Gloeothece; a single
cell measures 5-6 um in diameter; (b) colomial,
Pleurocapsa; these structures are =50 pm in diame-
ter and contan hundreds of cells; [¢c) hilamentous,
Lyngbya; a single cell measures about 10 um wide;
(d) hlamentous heterocystous, Nodulana; a single cell
measures about 10 um wide; (e/ hilamentous branch-
ing, Fischerella; a cell is about 10 um wide. See how
morphological diversity relates to phylogenetic diver-
sity in Figure 15.3
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With ATP available to drive the reactions, here is what occurs next:

~ADP-
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FIG. 7. The components of ATP synthase, a rotary
motor. Protons enter the 10 proton channels in the mem-
brane-bound F, component, where they bind to Asp”,
and are subsequently released to the opposite side of the
membrane via an outlet channel after F_, rotation (ar-
row). The yesubunits are attached to the F, ring and
also rotate relative to the F, component, which catalyzes
ATP synthesis (or breakdown if the reaction is driven
backwards), which is thus driven by the proton-motive
force. [From Jiang et al. (495), copyright 2001 National
Academy of Sciences, USA.]

“THE UNIVERSITY OF
ALABAMA AT BIRMINGHAM




——
—

mitochondrial membrane proton pump: making ATP

- 2 min. Harvard video
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Rotational state 1 Rotational state 2

B subunitaand c-ring when F_ aligned C stae1

olale 2

Figure 2. Rotational states of ATP synthase, (A) Atomic medels of the three rotationa: stites of Eaalius PS3 AT synthase with subunis colovred the
same as in Figure 1. (B) lop wew of the cnng ana subunt 2 of the three otational states from the cytoplasm when the & regons of the three states
are aigned. Rotation stepo of the complex tetween states are - 3, 4, and 3 ¢ sutunits, (C) Comparison of the atomic models of subunts b, 3, ang other
*y regon subunits in the different rotatonal states. 1he b subuni®s appoar to be the mest Sexible part of the enzyme
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Cytoplasm

F

O

Periplasm

Figure 1. Overall structure of Bacillus PS3 ATP synthase. (A) Cartoon of ATP synthase. (B) Cryo-EM map of ATP synthase with subunits coloured the
same as the cartoon. (C) Example map density that allowed construction of an atomic model. Scale bar, 30 A.

Jl: nttps://doi.ora/10.7554/elite.43128.002
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American Museum
of Natural History

Banded Iron Formation

A nearly 3-billion-year-old banded iron formation
from Canada shows that the atmosphere and

ocean onca had no oxygen.

Photosynthetic organisms were meaking oxygen, but itreacted with the hon

dissolvad in seawater to form iron oxide minzrals on the ocean floor, creating

banded iron formations

The da'k luyv;. S i this boulder are mainly composed Cf mag) etite (F elC4)
while the red layers are chalcedony, a form of silica (SIO2) thatis colored red
\

by tiny iron oxide particlet. Some gaclogiets suggest that tha layere formed

annually with the changing seasons

This rock records a time from the Earth's distant past, when evolving life
profoundly influenced the planet’s evolution. The oxygen that is now in te
Earth'satmosphare was not there at the beginning. Early life began to
generate axygen by converting the Sun’s ensrgy into food. That causedthe
iron that was dissolved inthe oceans to precipitate out as iron 2xide minerals
This rock, with its layers of red jasper and ircn magnelite, was formed bilions
of years ago as part of that process. It is a reminder that life made our

aimosghere breathable
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Banded Iron Formation (BIF)

Early Proterozoic probably from near Marquette in the Upper Peninsula of Michigan; red quartz layers
"and black layers of specular hematite and magnetite. 1he layering is though to be produced
biannually in shallow seas. In general, banded iron formations of the oxide-carbonate-silicate-
sulphide type occur in Archean greenstone belts and reached their peak development in the early
Proterozoic basins ebout 2000-1800 Ma ago. Mid-late Proterozoic and Phanerozoic basins do not
contain BIF of this type. In contrast, iron formations containing chamosite-goethite-siderite are
unknown in the Precambrian but are found in Phanerozoic basins. The occurrence of the Precambrian
BIF's is thought to be related to anoxic conditions ¢f the early atmosphere. As oxygen content of the
atmosphere and ocean waters increased, the solubility of iron decreased. With these changes in
solubility, transport of iron in the entire weathering cycle would have decreased. Iron would remain in
soils and not be found in solution in ocean waters after the atmosphere became oxygen-rich.
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Evidence of Archean life: Stromatolites and microfossils
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J.W. Schopf et al. / Precambrian Research 158 (2067 ) 141155

Fig. 2. Representative Archean stromatolites: (a~¢) Stratiform and conical stromatolites from the ~2985 Ma Insuzi Group, South Africa (Beukes
and Lowe, 1989); photo in (b) courtesy of N.J. Beukes. (d) Laterally hinked, low relief stratiform to domical stromatolitic mats from the ~3245 Ma
Fig Tree Group of South Africa (Byerly et al., 1986); photo courtesy of D.R. Lowe. (¢) Stratiform microbial mats from the ~ 3320 Ma Kromberg
Formation of South Africa (Walsh and Lowe, 1985). (f-h) Conical stromatolites from the ~3388 Ma Strelley Pool Chert of Western Australia
(Hofmann et al., 1999, see also Allwood et al. 2007 of Precambrian Research, p. 198); scale in (g) =20cm: scale in (h) = 10cm. (1) Domical and ()
stratiform stromatolites from the 3496 Ma Dresser Formaton, Western Australia (Walter et al., 1980; Buick et al., 1951).
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Non-cyclic plus cyclic photophosphorylation

P + Pi
HY/ATP = 14/3 = 4.67 R+ P |

ATP/NADPH = 3/2 \’

hv102 =4+5=9 2NADF!:'
i

Photosystem Wl = 5/4 =1.25 \ 4e Jant J

\\
\

12H* I | Photosystem |

Photosystem |l ‘ Ve ~ _7 1 rotation

HHHH

H
HHHHH

Light 4hv |

Figure 2. Coupling Quanta, Electrons, Protons, and ATP

Combined cyclic and noncyclic photophosphorylation, assuming
H*/3ATP = 14, Stoichiometries are depicted for four electrons trans-
ferred from H,O to NADP™ (cf. Figure 1). This gives one O, molecule
and two NADPH molecules. Three ATP molecules will be made,
provided photosystem | recycles one electron in order to contribute
two protons to the proton motive force.
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Figure 4.

Aggcncral model of early evolution and atmospheric O, concentration. Last Universal
Common Ancestor (LUCA) was anaerobic and unicellular, but possessed heme proteins and
their equivalents for antioxidation and reactive O, species-mediated cell signaling and
possibly ATP production. Photosynthesis by cyanobacteria led to O, accumulation, which
was initially stored in rocks and sediments but later enriched the atmosphere. Eukaryotic
plant and animal cells evolved that can more efficiently produce and utilize O, leading to
multicellular organisms of increasing complexity. Around 500 Ma, atmospheric O, level
reached the contemporary range, coinciding with an explosive appearance of terrestrial
plants and animals.
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\= National Park Service

National Park

Grand Canyon Aizona

Marine Fossils

With marine environments creating
many of the sedimentary rock layers in
the canyon over the past 525 million
years, marine fossils are quite common.
Species changed over time, but similar
fossils can be found Iin most of the

marine-based rocks at Grand Canyon.
Stromatolites fossil.

Stromatolites

The oldest fossils at Grand Canyon are

1,200 million to 740 million years old. Stromatolites are the limestone structures formed
by photosynthesizing bacteria called cyanobacteria. They created layers of alternating
slimy bacteria and sediment in very shallow water, dominating shallow seas until
predators, such as trilobites, came into the picture. Today stromatolites only live in a few
shallow ocean areas with high salinity. The salinity deters predation and allows the
stromatolites to survive.
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Early Cambrian Paleogeography
of Southern Laurentia

(approx. 535 million years ago)
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seologic evidence suggests thar what was ther the
southern part of  Alabama and several wdjoining
states may have rifted away frem the rest of North
America daring the supposediy calm early part of
the Cambrian Period and crifted across the expand-
ing ocean basin, evertually 1o become part of what
IS now Argentina, aghri fed Timesie
. et ."'Iu.z”‘, cConas

During the latter half of the Cambrian, sea lev owona Dolom: ynrlnn :
cls cantinued to rise and cover mudh of the Nocls (. ric ¥ t ¢ es (IS fors usataey SIS * rl- '7 (1
American continent, depcsiting marnine mcks over B S i . South ol
a Wil > > a..‘x r : M - od' g N -
4 wide area that today is exposd as dry Iand, This s (‘Jl‘)l)[ LTl l.dl [1]
sed level rise, ortransgression, was nota smooth o
vent, andinchaded nanyepisodes of regression,

or falls in sea level, occurring within the goreral
pattern of rise. T'he flatness of (he Cambrian "n';c.i
scape allowed shallow occan waters to move casl
back and forth across a large part of the ntirent,
1a¢ oldest of the Cambriar-aged rocks in Ala Ches € Quarty in
™ . ’ " opper Ridge Nowosafies
pama is a set of sandstones ard shales geologisis [EERRN—_GN
call the Chilhowee Grcup raat were deposited P LR
al or qear the ocean’s edge as the sea beg sint
tial transgressive rise. Abave thase clasticrocks is a - .
Stromatolite
a fossilized coleny
ol L'v H.l'n“l leraa

¢ of limestones and dolostones that werc de
posited on the shallew marine shelf. The oldest of
thest carbonate rocks s called the Shady Dolo-
mite Above the Shady are lound the Rome ( Early
Cambrian) and Conasauga (Middle Cambrian)
Formations and lower Knox Group. that in
¢ludes the Copper Ridge Dolomite, Saveral ol these
carbonate-pased rocks have beon replaced by silica ert Quarry an
‘-ippu Ridge Bolomite,

hS. 1. 5}19111\ County

to form chert. A few contain thick bands of

tauior mies aks, suppesting thaat this shiallow sea had

restricted circulation and even dried up in places
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Chert quarry of the Copper hzd(k .'>: HOmite near Pciham.
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under the Yot, tropical sun

Rocks from ‘he Cambrian Period crop out over \ \ v from the

. ) ; : Coppe ge Lofomit
a fairly limited area of the state, mostly in the Val- SPESTBIAEE AbiCenin
3 near Hannmondsville

ley and Ridge Province. These outcrops are plices L bbes . i PeKalo Couny
chert IV ancormct C

where the folds of » Appalachians have moved . i
were the folds of the Appalachians have moved fossi harnets' nests” becaase of their ap




a geological cross-section
of the Leeds Quadrangle
east of Birmingham

LOST WORLDS
INALABAMA ROCKsS

A Guide to the State’s Ancient

Life and Landscapes iy : .
e Lacefield ‘. ’ " & fossil-rich, 40 milfion-year-old Gulf of Mexico

) —— Y seafloor sxposed in a South Alabama river bank
’ 4

Geological evidence shows the sea has risen to cover the land
of Alabama many times during the past. The state’s present-day

B landscape is literally built on the remains of ancient sea floors.
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A Timetable of Alabama Geologic History Life and the Land
=y Through Time

Time Period When Began Significant Events in Alabama’s — . .
fie ions of yesrs) Geologic History The Shell Creek site 1s the easternmost impact ejecta bed
Holocene |our present epoch of Earth history

i T A A bmia N e weiile Ve tied to the Chicxulub impact discovered so far.
today—northern tree spevics, megafauna N A third Alabama K-T boundary site has recently been

gocpowsmolun’mds Dacigualiol . gy e identified at Mussel Creek 1n Butler County. Further study

m';&‘?:,m"gg Imss; St i of the sediments along this important geological boundary
RSG5 s Ty oo in Alabama’s Coastal Plain counties may provide further
Algbama chimate warm and wel, forests : ‘ 5
il contain many iropical tre species: |+ & {807 o evidence about the nature of the catastrophic events that
ign ms in coastal marshes k9 RS o r .

™ ended the world of the dinosaurs and ushed 1n the new age

of Iafe on Earth—the Cenozoic Era.

climdbegti 7 rich oil deposii
urassic - d&mﬁ%"
supercontinent ol'NRgngaca begins to rift

- ] : Alsbams movchgorth of the mtor:‘ :
Triassic %g climate and landsdapg desert-like

Mesozoic Ept

{Pennsylvanian 318 forests, Pangaca farms

Bu'nquhm s Rcd Mounma fron arcg
form; terrestrial (land) environments first it
; : R — petd microtektites
invaded by plants eand animals : 9\ g TANNWE  eais
= TS ‘\ I TR *\w—wgvf F = » - N . o 5 AW’* "‘"\‘"
. Ord "1 HEIAD o | Al roke s o i baniies: ||
- WU 'L* »Lfv::ig:‘ ‘ | e *as‘x:«m.wm&y *‘"'mg«rv \ v
~ "‘ = 2] it -m«-n‘»l--.-— e )S --Jf—ﬂ\ fet }rﬁ Scbind
Alabams on pessive manzin of ancicnt
Cambrian 542 | North American continent Laurentia;
Period Tt | carlicst fossils appear in Alabama rocks

Ao T The search continues at several Alabama Cretaceous/Tertia
apra cam bﬂann first mulbcal!uho:éngnmamnppw o ry

in the fossil ree
bounda SlfeS for tin jassy beads known as mlcrotektlt
(87%ot‘ Creavilk ain-puilding opisode; ’Y Y, gIassy

Paleozoic Era

first “free” oxygen sccumulates NN T b R Crust have now weamered INto rounded peliets or dull clay.
J m anded won
in the Earth’s almocpbarf bandud ’4_ 205

!4 l ﬁ -! « ’ l l .. \w/:y;;un-‘u |‘.;o P sfgoe’)
in the geologic record it
age of Earth’s oldest known rocks

cooling of Earth’s crusi
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ARCTIC

PACIFIC
OCEAN

EASTERN
NORTH

AMERICA

ATLANTIC
OCEAN

During the Late Cretaceous, sea level was at one
lay at the southern end of an immense contin
Ocean and the Gulf of Mexico. —Mod

of its h:ghesf recorded stands. Alabama

ental seaway that connected. the Arclic
ified from Lacefield. 201 8
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The geological evidence pointing to an impact includes
a crater approximately 124 mules in diameter, now buried
under more than 3 000 feet of limestone deposited since the
tume of the cataclysm. The impact created huge tsunami,
or seismic sea waves hundreds of feet high along the Gulf
of Mexico coastline which devastated the Coastal Plain
for many miles inland. “Storm” deposits of unprecedented
proportions dating to the tume of this event are found 1n
Texas and other areas. Tiny beads of glassy rock known as

Chicxulub

Impact site

beds of marine fossils”® 3:’_:'.' 8
on the banks of the '
Tombigbee River

The New World of the Cenozoic Era
(65 m.y.a. to Today)
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Figure 1. Photosynthesis-From Light to ATP

Electron transport (e”) (blue) is arranged vec-
torially in the chloroplast thylakoid membrane
(yellow). Proton (H*) (red) translocation from
the chloroplasts stroma (above the mem-
brane) into the lumen (below the membrane)
establishes a proton motive force that cou-
ples electron transport to ATP synthesis. The
implied stoichiometry 3H /e~ is for noncyclic
electron transport alone (cf. Figure 2). FQR is
a hypothetical ferredoxin-quinone-oxidore-
ductase. Other abbreviations as in text.
Junge'’s animations Rotary ATP Synthase and
From Light to ATP are recommended view-
ing: http://www.biologie.uni-osnabrueck.de/
Biophysik/Junge/overheads.html
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Thylakoid

Thylakoid space (lumen) stromal thvlakoids
Thylakoid membrane (lamellae gr frets)

Chloroplast envelope

Outer membrane
Intermembrane space —
Inner membrane

Granum

Nucleoid
(DNA rings)

Ribosome

Plastoglobulus

Starch granule
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Realize that “photosynthesis” is better termed “photophosphorylation”, because the energy of
lightis actually being used not to make sugar directly, but rather to generate an H+ gradient across a
membrane. This drives phosphorylation of ADP to ATP, the energy currency of living systems. In
other steps, the ATP is used to power the reactions of glucose production. Here's a view of activity
on the chloroplast stromal membrane:

"M;MW' 1 Saromal thylakosds
Thytakoud membs ane pereler o fre chloroplast stroma

Granal thylahowch
torredorn-NADP reductane

Cytex hiame ., {
“Fd - seredoun

! \ ..:{l
(111} lli’r’;ﬂ','lll' (R PPN
1]1] L[t \\‘IIIIIIIIIIII MIHTHMINL

Starch granule :

PAARLOC y amen

thylakoid lumen
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Here is the light-powered reaction sequence by which sugars are made from carbon dioxide and
water:

H,0 0,

co, R 7/

Calvin
‘ Cycle

‘sugar

6CO> , 6H20 H9% CgH1206 , 602
Carbon dioxide Water Sugar Oxygen
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(AXMITOCHONDRION (B CHLOROPLAST

H* gradient H* gradient

photosystem |

photosystem ||

H.0

carbon-

fixation
[ cycle

carbohydrate
molecules

products products

Figure 1@ctmn-transport proceSSEP‘\) I he mitochondrion converts eneray from chemical fuels. (B) The chloroplast
converts energy from sunlighnt. In both cases, electron flow is indicated by blue arows. Each of the protein complexes (green)
IS embedded in a membrane. In the mitochondrion, fats and carbohydrates from food molecules are fed into the citric acid
cycle and provide electrons to generate the energy-rich compound NADH from NAD*. These electrons then flow down an
energy gradient as they pass from one complex to the next in the electron-transport chain, until they combine with molecular
Oz in the last complex to preduce water. The energy released at each stage is harnessed to pump H* across the membrane,
in the chioroplast, by contrast, electrons are extracted from water through the action of light in the photosystem Il compilex and
molecular Oz is released. The electrons pass on to the next complex in the chain, which uses some of their energy to pump
protons across the membrane, before passing to photosystem |, where sunlight generates high-energy electrons that combine
with NADP* ta produce NADPH. NADPH then enters the carbon-fixation cycle along with CO; to generate carbohydrates.
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ATP

ATP
Adenosine triphosphate The cycles of synthesis and degradation of ATP; 2 and 1 =

represent input and output of energy, respectively.
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H+ H+ H+ Outer membrane

Cytc

iy A

ATP
Synthase

NADH 0
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b Citric
acid

Matrix / cyce
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INTERMEMBRANE SPACE

MITOCHONDRIAL
MEMBRANE

containing

catalytic
sites
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Electron Transport Chain

Intermembrane space

HHIU‘.

MIIJ'..,

2e—
i H
2H + 120, 20
NAD +H’

Mitochondrial matrix Inner mitochondrial membrane

Figure 1. The electron transport chain is a series of electron transporters
embedded in the inner mitochondrial membrane that shuttles electrons from
NADH and FADH, to molecular oxygen. In the process, protons are pumped

from the mitochondrial matrix to the intermembrane space, and oxygen is

reduced to form water.
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CELLULAR RESPIRATION

COllar reaSralion 8 The DCCess Oy whkth 100G, N The Torm oF Lo (Ghoccae ) i Tanfomed

o ener gy withinels This energy s stored o AT? mrdocubes, whic s ey Dower ol sorls of
Celular ovocesies. Respirotion that ‘equites 2uygen is Lrow 83 sesabnd respi-stion, . Coll Wall
TOEPARtSN £2t OXaurs WItNEt DNy gan i (aled SNaerolnd raapenation L

ACTOLM FREPMItION s Cy.oplesm Assercbic Reipirstion
NADH e | Glyeniytin —p e In aracrobe ‘eapiration where these is no Orygen
The frat sage of erobic respinaton s greseat ATP s Crested through othes chamicy
ghycedpia o hor ¢ ghedore mclec e e ‘_’ ¥~ procartet that do not requies cayger. Howeves,
Drokes down to create ATP n 2 coll l l Dhese Or0cesses do not produde o mudh AT? oy
cytondnane At o~ 220 < resoration

25 well 25 two ¢ - . .
pryruvate snd NADH Clutcss —= Lactate + 2ATP

:

In the second sage, which ocours
i the svtochaadria of 2 cel pyruvate
Woumed 10 Cate scetyl connryme A
»d eorbon donide

Fermonletion =g Lactato

1 ~ N e Mtochosdrion

The third stage is Enomn a v dtrks
acid cyche. cr Krabs cycle Ir this stage
acetyl ceenryme A s used 10 Create more
NADH 23 wel 03 FADMA, corbon O axicdie,
v i addtiond ATP molecule

v

4) Inthe ‘mal stage, NALS, FALMZ, and
Oxygen irs ssed 10 create masshee amounts of
ATF Unough slectron Lrarnle . This stege sha
Croatss water molecsles

Glucose + Oxygen —~ Carbon Dionide + Water + 30 or mare ATP
Animal Cell

AEROBIC RESPIRATION

Aerobic respiration requires oxvgen. This is the reason why we breathe oxygen in from the air.
This type of respiration efficiently releases a large amount of energy from glucose that can be
stored as ATP. Aerobic respiration happens all the time in animals and plants, where most of the
reactions occur in the mitochondna. Lven some prokaryotes can perform aerobic respiration
(although since prokaryotes don't contain mitochondria, the reactions are slightly different). The

overall chemical formula for aerobic respiration can be written as:

CeH206 +6 O3 = 6 CO, + 6 HyO + (approximately) 38 ATP
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GLYCOLYSIS Abbreviated, diagrammatic summary
glucose of glycolysis and respiration

ATP ~\t
> ADP
KREBS (CITRIC ACID) CYCLE

l Coenzyme A
ATP -\i" - c0,

Tuvic acld —=
fructose 1,6 2 7 >N acetyl CoA Coenzyme A

diphosphate o A

/\

glyceraldehyde phosphate

citric acid
(2 molecules) oxaloacetic acid

4" NADH
“.0 - - NA:M
I,-' PO, mc-/

1.3 diphosphoglycerate

4 ATP
ADP -~

fumaric acid

™ FADH 3
FAD

oyruvic acid succinic acid

N

comoaxyt+ ELECTRON TRANSPORT CHAIN

(succinate Cahydrogenasa)

Complex |

Complex IV

" oy -
Complex I (CACOChrome ¢
(UBigunone -
cytochrome ¢
NADMH succinate fumarate reductase)
(hrom

9 rooisa D e
3‘1 ':’m‘ Compide s 1 mclaie s e onlme i

vote) AW OO e famrie AN ugh
W reaction Ls ot of e Kb s owole,
enLyme s cimanie dehrg v
whedded A i N memlrane 2.6-D 2.5-0D
e oher Krok's ol e imes oty free ’

e moschondrial matria. Elecirons from Nw.h colorless,

» e 30 the mobdle eles
ADY « domprdd o ihe mobe glecirem oxidized teduced

carrier uhiguinmme (UQ) v rusyfier &
Wevander 1. Matren Covmpde s [ bt ominr o @ lower enery
dovel ihan clecrrons domated from NADH

Owpawae o
[ R ]
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Established sequence of exercise-induced events leading to
mitochondrial biogenesis

T ATE turnover Activation of mRNA mRNA Protown
kinases, capression of expression of expression and
T [Ce'')n vheophatases 1 O e penes encoding acsembly of
Acute cysomol and facton mutochomdrusl il -subaann Alicred
Exercise ~ % miochondoa | Cl. woten Peoteuns P respuratony ph notype
Kimuse O, e NRF-1, comploves metabolic
T clectron AMI® Kinase, T Eam, o-jun, & Tom 20,
transpon and MAFPF Linases cpr-1 cytochmomnse ¢, e COX
VO COXxm Lot
macnhmery

adaptation

IO exercise

scconds minutcs minutes-hours hours-days days-wecks weeks

s —

Time

It is well known that endurance training, employing an appropriate duration per day,
frequency per week, and submaximal intensity per exercise bout, can produce an increase in
mitochondrial content, usually ranging from 50 to 100% within a 6 wk period. This directly
results in improved endurance performance, largely independent of the much smaller
training-induced changes in maximal oxygen consumption.  J Appl Physiol 90: 1137-1157, 2001
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12 Weeks Exercise Training in Younger and Older People

MHigh Intensity Training Hesistance Iraining
2

nereased

.. 1 4"’

ot
oW

‘
e BN
- 5

Protein «+«+«J» Mitochondria  Hypertrophy

v v

T Oxidation I Muscle mass

capacily and strength

Skeletal Muscle Adaptation to Exercise Training
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°}

Mitochondria Sarcoplasm

ADP \

Contraction

=~ Cr ATP /

() Porin (VDAC)
< Adenine nucleotide translocase (ANT)

Click on image to zoom

. Oxidative
:;phosphorylation

ADP: adenosine diphosphate; CK: creatinine kinase; PCr: phosphocreatine; ATP: adenosine triphosphate; Cr: free creatinine

Figure 1

Phosphocreatine *“shuttle” system

CREATINE KINASE catalyzes the reversible transfer of
phosphate between phosphocreatine (PCr) and ATP

Mg -ADP + PCr + H™ «& Mg-ATP + creatine

ﬁTHE UNIVERSITY OF
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ATP ADP
o PCr
|-"7

> i

VDAC
outer

cardiolipin
patch ANT

<UL

Inner
membrane

<
-
-
.
-
-
-
-
.
-
-
-
-

FOF1-
ATPose

H*
Y

cristoe

H,0

0,

respiratory
chain

Fig. 3 Mitochondrial mtCK fuactions for high-energy metabolite
channelling in mitochondria. In cells with oxidatve metabolism
respiration (green armow b, AT synthesis and AT export through the
imper mitachondnal membrane via adenmne nuclectyde transporter
(ANT) are tightly coupled w imns-phosphorylation of ATP 10 PCr by
miCK and export of PCr oanle the eylosl by the omter membrane
{age-dependent anion channe! (VDAC) as indicated by black

s In tum, Cr stimulutes respiration by fasoring constunt supply

of ADP to the matrix (black arrows), which also lowers ROS/RNS
produection in the intie-matochondnal space (red arows) and inhibits
mitochondnal permeability transition, The tight coupling of substrate
and product Auxes (black arrows) allows a so-called channeling of
high-energy ™ metabolites, with PCr being the one released ino the
ATH/ADP racveled  within the

bomng  manly
P2 k

" ' . w m “ .

w
W ATP ADP

I
I
I
I
|

!

I

0, —# ROS, RNS

pitochondria. The structural basis of these mtCK microcompanments
are proteolipid complexes containing either VDAC, octamernc miCK
and ANT in rthe peripheral mtermembrane space (a3 <hown) or
etamene MiCK and ANT m the cnstae shown), IThese
peatoolipid complexes are maintamed by miCK mernet with
m the outer membeanc, with

(ot
s
arsomce phispholipicds and VD AC and
cardiolipen and thus asdicectly with cardiolipin-essociated ANT in the
iner membrane (see cardiolipoin pawches). In cases of u less coupled
tCK mictocompartment. ¢.2. afier impairment of mCK function by
cidative damage, there is patial direct ATPIADP exchange with the
cytosol (blue amows), (Figure adaptad from Kaddis et al. 1997 Mever
¢l al. 2006; Schlatter et al. 2006a; Schlatmer et al. 2011) (The
dfterent thuxes are indicated by coloured arrows in the Agare)
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MITOCHONDRIA CYTOSOL

oxidative glycolysis cytosolic cylosolic
phosphorylation ATP/ADP ratio ATP-consumption

ATP-supply > > ATP-consumption
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Oxygen Cascade

The oxygen cascade describes the transfer of oxygen

from air to mitochondria.

* In each step of the cascade the PaQ; falls
It demonstrates that oxygen delivery to tissues relies
on the passive transfer of gas down partial
pressure gradients.
* The steps of the cascade are:
Dry atmospheric gas
Humidified tracheal gas
Alveolar gas
Arterial blood
Mitochondria

Venous blood

Huaziedi fiexd
Air

PO, (uwunHg)

Mixed Veaous

( Tissues )

Locutliva

Atmospheric Gas \'

Atmospheric partial pressure of oxygen is a function of

Pln2: 590 mmHg
o PO» = Py X FiQ;, where: Ploz: 160 mmHg
o Py is 760mmHg Pla: 7 mmHg
o FiOsis 0.21 Plcoz: 0.3 mmHg

¢ Therefore, P()> = 160mmHg
Plo2: 160 mmHg
Alveolar Gas Il

Ideal alveolar POz is calculated using the alveolar gas

barometric pressure and the FiOp

tracheal
P,CO; 3 humidity
P,O> = P;O> o= 4 F, where:
‘ ' K R 149 mmHg
e P,0; is the alveolar partial pressure of oxygen
e P.()> is the inspired partial prassure of oxygen l
e P.CO, is the arterial partial pressure of carbon

dioxide respiratory PaCO2

equation:

¢ R is the respiratory quotient, where —p * PaO2
,( .. Volume of CO» "u\f wed

Volume of Oy conyumed +
Arterial Blood {

¢ Normal arterial PO2 is 120mmH
SN ENCERN "Pad2: 100 mmHg

Mitochondria

e PQO> varies with meatabolic activity, but typically
quoted as bmmHMqg

« The Pasteur point is the partial pressure of oxygen at
which oxidative phosphorylation ceases, and is

~1 Hc¢
S Pa02: S mmHg

venous Blood

POy is greater than mitochondrial POz
Mixed venous blood typically quated as 40mmHg
Higher than mitochondria as not all arterial blood

Pa02: 40mmHg

travels through capillary beds
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D) Crack Jor updates

The Oxygen Cascade Dunng Exercise in
Health and Disease

Paolo B. Dominelli, PhD; Chad C. Wiggins, PhD; Tuhin K Ro

Timothy W. Secomb, PhD; Timothy 8. Curry, PhD, MD; and Michae

., PhD, MD;
loyner, MD

Abstract

The oxygen transport cascade describes the physiological sieps that bring atmespheric oxygen into the
body where it is delivered and consumed by metabolically active tissue. As such, the oxygen cascade 15
fundamental 1o our understanding of exercise m health and disease. Our namative review will ngh-
light cach step of the oxygen transport cascade from inspiration of atmospheric oxygen down to
mitochondrial consumption in both healthy active males and lfemales along with clinical conditons
We will focus on how different steps interact along with principles of homeostasis, physiological
redundancies, and adapuation. In particular, we highlight some of the parallels between elite athletes
and clinicul conditions in werms of the oxygen cuscade

220 Maye Foundation ke Modicsl Education and Russarch ® Myp Oin Proc. 202! 7640101702

n the era of molecular biology it 1s easy to

overlook the central role that the oxygen

moelecule plays in life. In complex organ-
isms, where most cells are anatomically
remote from atmospheric oxygen, a trans-
port and gas cxchange sysiem s required
to mave oxygen from the air 1o the tisues
and supports the continuous generation of
wdenosine triphosphate vin oxidative mets-
bolism. To defend whele body homeostasis,
this system must be robust enough to sustain
vast increases in oxidative metabolism dur-
ing exercise, survive at ligh altitude, and
— at the opposite end of the homecstatic
spectrum — withstand substanual insults
to key elements of the system as<ocmated
with discase, In this review, we will follow
the movement of oxygen from the air to
the tesues and use examples runging from
elite athletes, rare patients, and comparative
biology to show key principles of oxygen
transport in humans. The impressive adap
tive nature of the cardicpulmonary sysiem
will be emphasized and the redundant na-
ture of physiological contral  mechanisms
and related anatomical design features will
be highlighted.

THE PROBLEM

| he partial pressure of oxygen in air at sca level
15 ~ 150 mm Hg but in the mitochondna of
exercising skeletal muscle the partlal pressure
of oxygen can be ~ 100-fold lower without sig-
nificant engagerment of anaerobic energy mels

bolism. Thus, the queston is, how does this
happen and what systems are engaged as it ce-
curs? In this context, it s alo mpoctant to
consider the range of oxygen consumption
that can be scen 1in humans In healthy young
adults, resting metaholic rate i« approximately
3.5ml Oy - kg of body weight - min” and it
can increase to more than 90 =l O, - kg -
min *in at lest some of the most aerobwally
trained elite athletes.” At the epposite end of
the O, uptake spectrum, even modest metabolic
rates require physiological redendancies to be
engaged in patients with discases that hinder
the ability 1o take up, wransfer, ind utlize oxy-
ger Notable exaunples iclude marked tachyp

nea or tachycardia even during very modest
levels of exercise in patients with diseascs,
such as chronie obstructive pulmonary disease
or congestive heart failure, along with a marked
redistribution of blood How away from inactive
tissues 10 the active muscles

Naye Clia Proc. & Aprl 2020 968.7017-1032 & Mhpa deok.org/ M0 1016/ mayacp 202006 063
worw el opreceed Ngs g ® 2000 Mo Founda o for Media: Education and Hesearch
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MAYO REVIEW

CLINIC —_—
: = (7))
Minute Ventilation 7

The Oxygen Cascade Dunng Exercise in
Health and Disease

The Oxygen Cascade During Exercise in Health and Disease
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In Figure 1-4 the alveolar septum appears to be almost entirely
composed of pulmonary capillaries.

Red blood cells (erythrocytes) can be seen inside the capillaries at the
point of section.

Elastic and connective tissue fibers, not visible in the figure
e, are found between the capillaries in the alveolar septa.

Also shown in these figures are the pores of Kohn or interalveolar
communications.
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Conducting zone

Generation

Diameter,
cm

Number

Total cross-
sectional
area, cm2

Trachea

2.54

Bronchi

2.33

2.13

2.00

Y
Bronchioles

|

Terminal
bronchioles

2.48

3.11

Transitional and

respiratory zones

Respiratory
bronchioles

Alveolar
ducts

Alveolar sacs
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The barrier to gas exchange between the alveoli and pulmonary
capillaries can also be seen in Figure 1-5.

It consists of the alveolar epithelium, the capillary endothelium, and
the interstitial space between them. Gases must also pass through the
fluid lining the alveolar surface (not visible in Figure 1-5) and the
plasma in the capillary.

The barrier to diffusion is normally 0.2- to 0.5-um thick|
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Pulmonary Arteries and Veins

Traches

Pulmonary trunk , . Jrch of aonta [out)

Right main bronchus ' . Left main bronchus

Left pulmonsry srtery
Azygos vein_

f , Left supenor
Right superior lobar : lobar t;omrorm
(eparterial) bror-c'ws\ A A

Hight pulmonary artery

Right supenor
pulmonsary vein

_Left superior
pulmonary vein

Leftinferor
lobar bronchus

Middle lober : - :
bronchus — -— ; ' : Left inferor
: < pulmonary vein

Right inferior
lobar bronchus

Right inferior

pulmaonary vein Left atrium

Inferor vens : \
Superior vers” R aim v fout) Right ventricle Left ventricle 4 ﬂ '
i rd

oava(out) Ascanding aora (oue)

®Hovarti;
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Apex

Upper pointed tip of the lung;
projects above level of clavicle

Pulmonary arteries
Divide many times, bringing
deoxygenated, dark red
blood from the heart

Right lung
Like the left lung has ten

bronchopulmonary segments l

Superior lobe
Contains three
bronchopulmonary segments

Pulmonary veins
Unite to send oxygenated
“red” blood to the heart

Horizontal fissure
Between supenor and
middle lobes of nght lung

Terminal bronchioles

Tiny bronchioles - about 30,000 in
each lung; the next-to-last divisions

of the segmental bronchi, each
branching into two or more respiratory
bronchioles that lead to alveol

e e e e e e

Pleural membranes

Two membranes that cover sach lung;
visceral ploura wraps directly around
the lung; parietal pleura lines the chest
cavity; pleurae separated by a very thin
layer of lubricating pleural flud, allowing
themn to slide easily within the chest
cavity dunng breathing

Inferior lobe
Contains five

' bronchopul ry segments

Oblique fissure
Between meddle
and inferior lobes
of the night lung

Trachea
wWindpwpe; carries air
in and out of lungs

Left primary bronchus
Narrower, less vertical, and longer
compared to the right primary bronchus

Secondary
(lobar) bronchus
One of two alrways,
oach supplying a
lobe of left lung

Tertia

(segmental

!
'-) One of t

bronchus
en smaller

' a L airways, each of
) which aerates &
sbronchopulmonary

Middle lobe
Contains two
bronchopulmonary
segments

segment

Base
Upcurved diaphragmatic
surface, with diaphragm
breathing muscles below

P
(8

Cardiac notch Inferior lobs

Space taken up by the heart

Superior lobe Oblique fissy
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We shall not cease from exploration

And the end of all our exploring
Will be to arrive where we started

And know the place for the first time.

T.S. Eliot --- "Little Gidding" ... Four Quariets
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