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Preface

So it is that being and non-being give birth each to the
other; that difficulty and ease each produce the idea of the
other; that the ideas of height and lowness arise from the
contrast of the one with the other; that the musical notes
and tones become harmonious through the relation of one
with another; and that being before and behind give the idea
of one following the other.

(Attributed to Lao Tzu: Tao te Ching, [The classic of the
way of virtue])

Living organisms react to environmental changes and maintain the stability of the
internal medium by regulation systems (homeostasis introduced by C. Bernard). In
addition, humans adapt the homeostasis level (heterostasis) to the environment (e.g.,
sea level vs. mountain and desert vs. icy region).

Breathing and blood circulation are anatomically and functionally coupled to
deliver oxygen to the body’s tissues and remove carbon dioxide that results from
cell metabolism (Fig. 0.1). Two apparatus—the respiratory and cardiovascular
systems—operate in series, interacting at the level of the alveolocapillary barrier.
These physiological apparatus are strongly controlled by locoregional mechanisms
and the nervous system to match the body’s ventilation to blood circulation in each
pulmonary compartment. This physiological coupling ensures proper ventilation-to-
perfusion ratios and the body’s homeostasis.

After reviewing main events and their associated signal transduction processes
that occur in cells and biological tissues (nano-, micro-, and mesoscopic scales)
in normal conditions in Vols. 1 to 5, Volumes 6 and 7 targets the organ scale
(macroscopic scale) in normal and pathological conditions. Because of the amount
of accumulated data on the physiology and pathophysiology of the circulatory and
ventilatory apparatus, the initially scheduled one-volume book (referred as Vol. 6
“Circulatory and Ventilatory Conduits in Normal and Pathological Conditions” in
previous volumes of the series ‘“Biomathematical and Biomechanical Modeling
of the Circulatory and Ventilatory Systems”) has been split into two. Volume 6
focuses on anatomy and physiology as well as medical images and signals of the
cardiovascular and ventilatory apparatus.
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Fig. 0.1 Circulatory and ventilatory apparatus are coupled both anatomically and physiologically
to ensure an optimal gas exchange (A: artery; Al: arteriole; Alv: alveolus; Ao: aorta; aw: airway; B:
bronchus; Bl: bronchiole; Cap: capillary; co: coronary; I(S)VC: inferior (superior) vena cava; LA:
left atrium; LV: left ventricle; MC: macrocirculation; mC: microcirculation; PA(V): pulmonary
artery (vein); PC: pulmonary circulation; RA: right atrium; RV: right ventricle; SC: systemic
circulation; V: vein; VI: venule). The body’s respiration is achieved by a back and forth (tidal)
air motion (successive cycles of inhalation and exhalation) in the respiratory tract. The latter
consists of a set of airways characterized by a single conduit outside the pulmonary parenchyma
and a caudal compartment characterized by a high level of branchings inside the thoracic cage
(tracheobronchial tree). Bronchi shorten and narrow progressively to generate bronchioles. In
pulmonary acini, these pipes have walls endowed with alveoli and give rise to alveolar ducts,
the walls of which are entirely constituted of alveoli. These air cavities are densely irrigated by
pulmonary capillaries. Both physiological apparatus are coupled at the level of the alveolocapillary
membrane and ensure an adequate ventilation—perfusion ratio in the pulmonary compartments.
The body’s ventilation is fulfilled using a circuit of airways open to the atmosphere by the
thoracic pump, which is external to the intrathoracic tracheobronachial tree. On the other end,
blood flows in a closed circuit, which includes 2 serial compartments, the systemic and pulmonary
circulations, each endowed with its own intrinsic pump (left and right heart) that are apposed
to work synchronously. Each blood circulatory circuit is composed of arteries (from heart, or
efferents), arterioles, capillaries, venules, and veins (afferents ensuring blood drainage to the
heart). The systemic circulation perfuses airways as well as the cardiac wall via coronary arteries.
Therefore, lungs receive a double blood input (systemic and pulmonary)
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The cardiovascular and respiratory systems, as any physiological system, are
characterized by 4 main properties: (1) diversity, or namely the strong between-
human subject variability in conduit network architecture; (2) variability associated
with time-dependent adjustments in response to environmental constraints, any
given description of the airway tract corresponding to a snapshot; (3) intricacy in
shape and structure, as its curved deformable shape associated with a multilayered
structure made of composite materials; and (4) organized complexity in behavior
(self-organization, subdivision in many parts in intricate arrangement and correlated
interaction, and nonlinear dynamics).! Its space- and time-dependent functioning is
related to a huge number of interacting parameters that are difficult to measure. In
any case, in the absence of complete knowledge of the system’s behavior, the simple
still needs to be solved before investigating the complex.

Air and blood flow behavior depend not only on ventilatory and cardiac pump
quality and conduit architecture, but also on its structural constituents that are able
to regulate locally the conduit lumen size, as they direct the broncho- and vasomotor
tone. Moreover, both the rib cage and airways and both the heart and blood vessels
are controlled by nervous and endocrine signals. In addition, cardiac output depends
on blood circulation conditions—pre- and postload—and vice versa.

These complex physiological systems evolve between order and chaos, with suf-
ficient order to auto-organize and freedom to adapt. They change their organization
and possibly structure to adapt to environmental stimuli. They are constituted by
many components that nonlinearly interact with feedback loops to contribute to the
system bulk behavior. The bulk behavior and organization of these complex systems
not only result from the simultaneous activities of their constituents, but also emerge
from the sum of interactions between their constituents.

In chaos theory, chaos means that the final outcome of a process can be extremely
sensitive upon initial conditions. Chaotic systems have the 3 main properties
of sensitivity, mixing, and periodicity. Whereas the diseased heart has either a
predictable constant or strong random frequency, the healthy heart is characterized
by slight temporal variations of its frequency with a self-similar choatic pattern.

Fractals result from chaos theory. Fractals are associated with a fine structure
determined by a recursive process, characterized by self-similarity at various length
and/or time scales and fractal dimension. Fractals have been used to model, in
particular, the structures of blood circulation and pulmonary airways.

'Organized complexity refers to nonrandom relationships between the elements of the system.
Owing to the organized aspect of this type of complexity, the system “emerges”, that is does not
need external guidance. Complex adaptive systems are characterized by the following features:
(1) the system has memory effects; (2) the system regulation includes feedback; (3) the system
is influenced by and adapts itself to its environment; (4) the system is highly sensitive to initial
conditions; and (5) the relations between the system components as well as between it and its
environment are nonlinear. On the other hand, disorganized complexity results from the very large
number of system components that mainly interact randomly such as a confined gas with gas
molecules as its parts.
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The microscopic unit, the cell, of these physiological apparatus is a complex
system. Cells are characterized by self-organization and self-reproduction. Self-
organization occurs when system components interact dynamically with each other
to generate a system that acquires emergent properties. These properties cannot be
directly predicted from the individual properties of their elements. Self-organization
concerns dynamical cell shape and coherently associated functions that emerge from
regulated molecular interactions within the cell, applied physical constraints, and
collective behaviors of interacting cells.

The respiratory tract and vasculature constitute a pipe network equipped with a
pump, which is intrinsic (heart) or extrinsic (musculoskeletal chest wall). The heart
provides flow in the arterial bed via the internal upstream pressure. The thoracic
cage operates via the intrathoracic pressure that is the external pressure applied on
the intrathoracic respiratory tract to inflate and deflate air spaces and conduits, hence
decreasing or increasing pressure with respect to atmospheric pressure in thoracic
air space terminals, which is the end (alveolar) pressure, corresponding alternatively
to the downstream and upstream pressure during inspiration and expiration, to
generate flow.

Nothing is given. Everything is constructed.
(G. Bachelard) [1]

Modeling of any physiological apparatus can have multiple goals: (1) pre-
diction; (2) development of pedagogical and medical tools; (3) computation of
quantities inaccessible to measurements using inverse problems; (4) control; and
(5) optimization.

Modeling entails several stages: (1) a definition stage during which the whole
set of data related to the actual system is collected and the problem and its goals
are identified (concrete level); (2) a representation stage of the system, in which the
number of data is reduced (information filtering), as data relevant to the problem are
extracted and kept to describe the model, a simplified version and falsification of the
reality; (3) a validation stage that results from generality loss by comparisons with
available observation data that yield a meaning to the model; and (4) possible model
improvements. Two main varieties of models include representation and knowledge
models. The former is associated with mathematical relations between input and
output variables. The equation coefficients do not necessarily have physical or
physiological meaning. The latter is aimed at analyzing the mechanisms that
produce the explored phenomena.

Any model is developed in the framework of a theory, such as continuum
mechanics, but the model is much more specific than the theory. The simplification
degree of the model provides its application domain. Certain assumptions that are
not strongly justified can be removed in iterative model refinement. Any model is
characterized by (1) its potential to improve a system’s knowledge as well as the
underlying theory and to generate new concepts, and (2) its capacity to define new
strategies.

Modeling of complex systems relies on a bottom-up approach, starting from
the acquired basic knowledge of the system’s parts. Models that integrate nano-
and microscale processes target reacting adaptive systems. Furthermore, they can
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investigate responses of living tissues to administered substances, especially drugs
delivered by nanotechnology-based methods or implanted medical devices. This
type of modeling incorporates the dynamics of cell processes, that is spatial and
temporal organization of biochemical reactions and major molecular interactions
with positive and negative feedback that amplifies or limits the response, respec-
tively.

Input data for integrative investigation of the complex dynamic cardiovascular
and respiratory systems include knowledge accumulated at various length scales
(multiscale modeling), from molecular biology (Vols. 3 and 4) to physiology (the
present volume) and from histology (Vols. 1 and 2) to anatomy (also the present
volume).

Tier architecture of living systems is characterized by its communication means
and regulation procedures, thereby integrating environmental changes to adapt.
Multiple molecules interact to create the adaptable activity of cells, tissues, organs,
and the body. The huge quantity of these mediators forms a complex reaction
set with feedback loops and a hierarchical organization. Studies from molecular
cascades primed by chemical and physical stresses as well as mechanical loadings
that exert at all scales, from organs and tissues to cells, need to be combined to study
living systems with complex dynamics.

Any patient-specific model of a body’s organ or apparatus integrates anatomy
(shape, size, links to its neighborhood [boundary conditions]), histology (structure
and constituents), physiology, and dynamics. In the case of the heart, a model
combines anatomy, electrophysiology (generation, propagation, and disappearance
of the command wave), structural dynamics (myocardial cycles of contraction and
relaxation), and hemodynamics (blood storage and ejection). Models of the cardiac
anatomy (two apposed pumps, each containing two thick-walled chambers com-
municating by valvular atrioventricular orifices, the ventricles expelling blood also
through valvular ventriculoarterial orifices into the ascending aorta and pulmonary
artery) are provided by three-dimensional reconstruction using data files acquired
during three-dimensional imaging techniques.

An integrative model incorporates behavior at various time scales, including
characteristic response times, from cardiac and breathing cycles (s) to diurnal
periodicities (h), to efficiently describe the structure—function relations of explored
physiological systems.

All in the world know the beauty of the beautiful, and in
doing so they have the idea of ugliness; they all know the
good, and in doing so they have the idea of what is the bad.

(Attributed to Lao Tzu: Tao te Ching [The classic of the
way of virtue])

The present book includes 5 chapters that mainly refer to the macroscopic
scale, although nano- and microscale pathophysiological mechanisms are described.
Chapters 1 and 2 provide a brief introduction of the anatomy of the cardiovascular
and ventilatory systems, respectively. Chapter 1 presents the anatomy of the cardiac
pump and emphasizes peculiar segments of the vasculature. Chapter 2 is related to
the architecture and structure of the respiratory tract as well as its vascularization
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and innervation. Chapters 3 and 4 deal with the physiology of blood circulation
and ventilation. Chapter 5 focuses on some aspects of images and signals currently
used to get the shape of the cardiovascular and ventilatory apparatus and to assess
their functions. These signals and images can be used as input data and to build
computational domains.
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Chapter 1
Anatomy of the Cardiovascular Apparatus

The cardiovascular apparatus is a transport circuit that carries blood cells, oxygen
and nutrients to cells of the body’s organs, and wastes produced by working cells to
their final destinations (mainly lungs, liver, and kidneys). It is involved in both mass
and heat transfer.

1.1 Vasculature Architecture and Function

The blood circulation aims at perfusing and draining the body’s organs and their
constituting tissues. The blood circulation network is composed of serial compart-
ments according to the blood vessel size and blood flow dynamics: (1) arteries
(large, medium sized, and small); (2) arterioles (large and small); (3) capillaries;
(4) venules (small and large); and (5) veins (small, medium sized, and large; Vol. 5
— Chap. 7. Vessel Wall).

The blood vessels are able to respond to local changes in stress exerted by the
flowing blood on their walls. The arterial bed is especially characterized by its flow-
dependent, myogenic, and metabolic! responses to limit cardiac afterload and adapt
blood flow to tissue demand.

Tissue perfusion depends on: (1) state of irrigating arteries and draining veins;
(2) flow input with its governing parameters (Vol. 8 — Chaps. 1. Hemodynamics
and 2. Air Transport); (3) blood and vessel wall rheology (Vol. 8 — Chap. 4.
Rheology), and (4) irrigation control (Chap. 3).

'Metabolic flow regulation is associated with local metabolite release.

M. Thiriet, Anatomy and Physiology of the Circulatory and Ventilatory Systems, 1
BBMCYVS 6, DOI 10.1007/978-1-4614-9469-0__1,
© Springer Science+Business Media New York 2014
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Fig. 1.1 Pulmonary (PC) and
systemic (SC) circulation.
The blood is conveyed from
the drainage veins of the |
systemic circulation to the \L

right atrium (RA). It is then
convected into the right

ventricle (RV) and expelled
into the arteries of the PC

pulmonary circulation for /‘\ | RA | LA

oxygenation into the lungs.
The oxygenated blood is sent N
to the left atrium (LA) via the - ~

pulmonary veins. It then RV LV \L

enters into the left ventricle
(LV) to be propelled into the /y\ SC

arteries of the systemic body
circulation, which distribute organs
blood to every body organ
(including heart and lungs) — ba——e
for energy and nutrient supply
and waste removal

1.2 Systemic and Pulmonary Circulation

The cardiovascular apparatus is mainly composed of the cardiac pump and vascula-
ture that constitute 2 circulatory networks: systemic and pulmonary circulation.
The heart is made of 2 synchronized apposed pumps in series, each being
composed of 2 chambers. The left heart propels blood through the systemic
circulation, the right heart through the pulmonary circulation (Fig. 1.1).

1.3 Fetal Blood Circulation

The heart is the first organ to develop. In the human embryo, the heart begins beating
at about 21 days after conception.

The fetal circulatory system relies on a different anatomical network, because the
fetus receives oxygen from the placenta rather than lungs. Before birth, the ductus
arteriosus allows blood to bypass the nonfunctional fetal lungs, as it connects the
pulmonary artery that supplies blood to lungs to the aorta that supplies blood to the
rest of the body. The ductus arteriosus normally closes rapidly after birth. Platelets
are recruited to the ductus arteriosus lumen within 20 mn after birth in mice to
promote its closure [1].

The transition from fetal to neonatal circulatory circuit results from the suppres-
sion of the ductus arteriosus. The functional closure of the ductus arteriosus that
occurs within minutes by vasoconstriction is followed by a structural closure that
happens within days by a fibrogenic, proliferative mechanism.
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Ductal smooth myocytes sense oxygen and contract, as oxygen increases
mitochondrial-derived heme oxygenase that raises cytosolic calcium and activates
RoCK kinase as well as provokes ductal smooth myocyte proliferation and
mitochondrial fission via a cyclin-dependent kinase-mediated phosphorylation
of dynamin-1-like protein Dnm1L (Ser616) [2].2 Mitochondrial fission activates
pyruvate dehydrogenase and increases mitochondrial production of heme oxygenase
and subsequently ETCcomplex-I activity, thereby raising oxidative metabolism.
Catalase overexpression stops cytosolic calcium influx and increased heme
oxygenase action.

1.4 Stresses and Strains in the Vasculature

The heart and blood vessels are exposed to mechanical stresses and strains during
their development as well as in their mature states.

Mechanical stress is a force per unit surface area. It can be decomposed
into tangential (shear) and normal (pressure and stretch) components. The stress
components depend on the selected coordinate system. Mechanical stresses can be
computed using a local reference frame due to the complicated geometry (Freynet
coordinates).

In distensible arteries, the endoluminal pressure generates parietal tensions with
2 major components, axial and circumferential (or azimuthal) tension. During
inflation, as the structure is relatively uniform in the azimuthal direction and tissular
surrounding is supposed to be homogeneous, the wall deforms homogeneously in
the radial direction. Wall elasticity cannot be assumed to be uniform in the axial and
radial directions. As the wall material is incompressible, the circumferential stretch
is associated with a radial thinning.

Strains relate the deformed to the unstressed reference configuration. Strains
result from change in length (normal strain) and angle (shear strain). Due to
a nonlinear rheological behavior, the stiffness of the vascular wall increases
progressively with the strain.

Stresses and strains are investigated at a given length scale yielded by the typical
size of the mesh used for computational fluid (blood flow inside the deformable
vascular lumen) and solid (viscoelastic vascular wall) dynamics. The material
elastic modulus is the slope of the stress—strain relation.

In laminar regime, flow velocity distribution in a given vessel cross section
display a given spatial velocity gradient, hence a shear rate, at a given radial position
and phase of the cardiac cycle. Any viscous blood particle bear shear, but, as it
is quasi-uniformly pressurized, it is neither stretched nor compressed. Moreover,
although it experiences a shearing torque applied by apposed blood particles in the
wall and flow-core direction that endow it with vorticity, it does not rotate because
of the uniform pressure on all its faces.

2Ak.a. dynamin-related protein DRP1, dynamin-like protein-4, and dynamin family member
proline-rich C-terminal domain less protein Dymple.
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The velocity at the moving wetted surface of the vascular wall equals zero (no-
slip conditions). The blood particle adjacent to the wall undergoes a shear by the
apposed inward blood particle that flows more rapidly. A strong spatial velocity
gradient is then created within the near-wall layer, the so-called boundary layer.
The wall shear stress is the product of the wall shear rate by the fluid kinematic
viscosity. This wall shear stress is sensed by components of the luminal surface of
endothelial cells.

Hemodynamic stresses are transmitted to the intramural medium. Cells partly or
entirely immersed in the vascular wall bear axial and azimuthal tensions that derive
from blood pressure. Once stress components are sensed, cells adapts to the local
stress field.

1.5 Space and Time Scales

Blood circulation is characterized by several space scales from mural cells of the
cardiac and vascular walls to composite materials of wall layers and the continuous
wall from the cardiac pump to capillaries and from these tiny vessels to the heart
(blood return).

It also encompasses several time scales from the cardiac and circadian cycle
to the entire set of time constants involved in the local regulation of blood flow
rate (mechanotransduction from O[1 ms] to O[1 h]; Vol. 5: Tissue Functioning and
Remodeling in the Circulatory and Ventilatory Systems) and in the fast nervous
and slower endocrine control, in addition to long-term adaptative and maladaptative
remodeling (Table 1.1).

Table 1.1 Blood circulation

. Vasculature geometr
length and time scales g y

0.1 pm Endothelium cleft width

1 pm Averaged capillary wall thickness
10 wm Capillary lumen bore

2-25 pm Blood cell size

10-80 pm Endothelial cell size

1 mm Large artery wall thickness
3-5mm Lumen bore of large artery and vein
lcm Ventricle wall thickness

1-3cm Lumen bore of aorta and vena cava
2-6cm Width of heart chambers

1-2m Body height

Blood circulation-related activities

ls Cardiac cycle

10-100s Control

mn-h Adaptation

d-wk Remodeling
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1.6 Heart

The heart is located within the mediastinum,? usually behind and slightly to the left
of the sternum [3,4]. About two-thirds of the heart is left of the midline, with its
long axis oriented from the left hypochondrium to the right shoulder in the usual
situation, with minor changes during respiration. The right border is given by the
right atrium, the inferior border mostly by the right ventricle, and the lower and
upper parts of the left border by the left ventricle and atrium, respectively. The
cardiac position varies between subjects with possible mirror-image configuration.

The base of the heart is formed by vessels and atria and its apex by ventricles.
The heart rests on the diaphragm. The heart has 4 cavities: upper left (LA) and
right (RA) atria, and lower left (LV) and right (RV) ventricles. The left ventricle is
located posteriorly and leftward from the right ventricle.

The heart chamber size varies during the ventricular cycle due to myocardium
activity (Table 1.2). The left ventricle is the largest chamber with the thickest wall
(Table 1.3).* The septum separates the left and right hearts.

The pericardium surrounds the heart and the roots of great blood vessels. It
is attached by ligaments to the spine column, diaphragm, and other organs. The
pericardium restricts excessive heart dilation, and thus limits ventricular filling.

Table 1.2 Echographic measurements of cardiac kinetics. Estimated
width (w) range and mean (mm). The volume of the ventricle, assumed
to have the configuration of an ellipsoid, is evaluated by V = 7/6 Lw?
(L: base-to-apex length of the cavity). The shortening fraction (%) is
equal to the ratio of the difference between the end-diastolic width and
the end-systolic one to the end-diastolic width

Range Mean
LV width (diastole) 35-55 45
LV posterior thickness (diastole) 5-10 10
Interventricular septum thickness (diastole) 5-10 10
LA width 20-40 30
LV shortening fraction 3545 36
Table .1.3 Estimates of heart Cavity Wall thickness (mm)
wall thickness (mm)
RA,LA 1-3
RV 3-5
LV 10-15

3The mediastinum is the chest space between the sternum (front), spine column (rear), and lungs
(sides). It contains the heart and its afferent and efferent vessels, thymus, trachea and main bronchi,
esophagus, thoracic nerves and plexus, and lymph vessels and nodes.

“The right ventricle pushes blood into low-pressure pulmonary circulation; therefore, it has
a moderately thick muscle layer. The left ventricle expels blood into high-pressure systemic
circulation and thus has the thickest myocardium.
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Fig. 1.2 Isolated pulmonary orifice axially cut at one commissure line to display the 3 retracted
cusps with their curved insertion lines and the commissures. The ventriculoarterial valves are not
connected to the cardiac wall by chordae tendineae

Epicardial adipose tissue can be observed on human hearts during surgery
(e.g., grafting) or by imaging procedures (CT, MRI, and echocardiography) [5].
In the adult heart, adipose tissue lodges in the atrioventricular and interventricular
grooves. Epicardial adipose tissue can increase to cover the entire epicardial
surface.

Four valves at the exit of each heart cavity, between the atria and the ventricles,
the atrioventricular valves (AVV), and between the ventricles and efferent arteries,
the ventriculoarterial valves (VAV, Fig. 1.2), regulate blood flow through the heart
and allow bulk unidirectional motion through the closed vascular circuit.’

The atrioventricular valves are inserted at the atrioventricular junctions, whereas
the ventriculoarterial valves are hinged from semilunar insertions (without any ring
attachment) at sinusal junctions.®

The tricuspid valve (TrV) regulates blood flow between the right atrium and
the right ventricle. It is composed of antero-superior, postero-inferior, and septal
leaflets. The tricuspid annulusis elliptical. The anterior leaflet is usually the largest.
Three papillary muscle groups beneath each of the 3 commissures support the
tricuspid valve leaflets.

The 3 tricuspid valve leaflets can be visualized simultaneously by real-time
three-dimensional echocardiography with a parasternal (less degree of distor-
tion), apical, or subcostal mode, but, unlike the aortic and mitral valves, only
2 leaflets can be imaged using transthoracic or transesophageal two-dimensional
echocardiography [6].

30n a frontal chest radiograph, the pulmonary valve is the upper one, above the mitral valve. The
aortic valve is positioned at the southwest corner of the mitral valve, above the tricuspid valve. The
right-heart valves, widely separated from each other on the roof of the right ventricle, are located
anteriorly from the adjacent left-heart valves on the roof of the left ventricle.

6Semilunar hingelines extend from the sinotubular junction to a virtual ring joining the basal valvar
insertion, thus crossing the junction between the ventricular infundibulum and the arterial wall.
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Table 1.4 Estimates of valvar orifice size (mm). Datum variability
(Sources: [7,8])

Orifice Perimeter Caliber Thickness
Tricuspid 110-130

Mitral 90-110 20-25

Pulmonary 75-85 0.440.1
Aortic 70-80 32 0.6 0.2
Coronary sinus 2-7

Inferior vena cava 2-8

The pulmonary valve (PuV) controls blood flow from the right ventricle into
the pulmonary arteries, which carry blood to the lungs to pick up oxygen. The
pulmonary valve is located at the end of the pulmonary infundibulum of the right
ventricle.

The mitral valve (MiV) lets oxygen-rich blood from pulmonary veins pass from
the left atrium into the left ventricle. It consists of 2 soft thin cups attached to the
atrioventricular fibrous ring (oblique position): a large anterior (aortic) and a small
posterior (mural).’

The aortic valve (AoV) guards the left ventricle exit; once opened, blood crosses
it from the left ventricle into the aorta, where it is delivered to the body. Like the
pulmonary valve, it consists of 3 semilunar cusps. Immediately downstream from
the aortic orifice, the wall of the aorta root bulges to form the Valsalva sinuses.
Orifice sizes are given in Table 1.4.

Trabeculae carnae, muscular columns, are observed in both ventricles, especially
the left ventricle. Ventricular muscular pillars, Papillary muscles, protrude into both
ventricular lumina and point toward the atrioventricular valves. They are connected
to chordae tendineae, narrow tendinous cords that are attached to the leaflets of the
respective atrioventricular valves (Fig. 1.3).

1.6.1 Atria

There is a remarkable remnant of primitive fibres persisting
at the sino-auricular junction in all the mammalian hearts
examined. These fibres are in close connection with the
vagus and sympathetic nerves, and have a special arterial
supply; in them the dominating rhythm of the heart is
believed to normally arise.

(Keith A. and Flack M. [9])

"The large mural leaflet closes about two-thirds of the valvar orifice.



8 1 Anatomy of the Cardiovascular Apparatus

Fig. 1.3 Left (central open cavity) and right (open cavity with 2 parts located at bottom left and
top right (small) photograph corners) ventricles of a calf. Papillary muscles and chordae tendineae,
associated with the atrioventricular valves (with a focus here on the mitral valve), are larger in the
left than in the right ventricle. The apparatus composed of papillary muscles and chordae tendineae
allows the atrioventricular valves to remain closed during the systole, the sheet made by contact
leaflets taking a parachute-like shape, hence avoiding leakage into the atrium. In the upper right
region, the entrance segment of the ascending thoracic aorta is displayed with removed aortic
valve and the 2 coronary ostia in their respective Valsalva sinuses. These sinuses are separated by
the valvar commissure

The atria are composed of: (1) a body, quasi-absent in the adult right atrium,
although clearly observed in the left atrium; (2) a venous chamber, with vein
endings;® (3) a vestibule, leading to the atrioventricular valve; and (4) a muscular
region, which consists of the atrial appendage and the pectinate muscle [10].°

8The venous chamber, or sinus venous, is the connection region of the terminal veins to the atria.
Superior and inferior vena cavae and the coronary sinus are incorporated by the right atrium in
the sinus venosus (venous chamber or systemic venous sinus of the right atrium), whereas the
4 pulmonary veins drain into the 4 corners of the left atrium posterior dome. These terminal veins
can connect abnormally to the atria.

9The left atrial appendage constitutes a diverticulum containing pectinated muscles. The right atrial
appendage, with its pectinated muscles, is interposed between the smooth-walled venous chamber
and the vestibule. In the right atrium, the junction between the appendage and the venous chamber
is internally defined by the prominent terminal crest and associated groove, the sulcus terminalis,
on the external right atrium surface. The crista terminalis, a myocardium ridge, is formed from
the superior part of the right venous valve. The sinoatrial node resides near the crista terminalis.
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The atrial septum is composed of the septum secundum,'? the inferior edge of

which is the limbus and fossa ovalis on the right atrium side, and the septum primum,
which is the flap valve of the oval foramen on the left atrium side.

The atrioventricular septum is connected to the atrioventricular valves. In the
right atrium, the Eustachian valve (ridge), or valve of inferior vena cava (IVC), is
an endocardial crescentic fold situated in front of the IVC orifice.!! The coronary
valve (ridge) is a semicircular fold that protects the orifice of the coronary sinus.

1.6.1.1 Right Atrium

The right atrium receives deoxygenated blood from the body’s organs including the
heart. The superior and inferior vena cava drain systemic venous blood from the
body’s organs into the posterior wall of the right atrium. The coronary sinus (CS)
returns the coronary venous blood.

The coronary sinus is situated in the posterior grove at a level between the
left atrium and left ventricle. The ostium of the coronary sinus is limited by the
Thebesian ridge. The primary veins that empty into the coronary sinus comprise
the vein of Marshall (VOM), which runs along the lateral wall of the left atrium,
great cardiac vein (GCV; or middle cardiac vein), and posterolateral vein (PLV;
or posterior left ventricular vein), the 2 latter being endowed with a valve at their
confluence with the coronary sinus. The complete coronary sinus drainage network
(CS, PLV, GCV, and VOM) can be visualized by venography after successful
cannulation of the valve of Vieussens of the coronary sinus inlet. The Vieussens
valve localizes between the coronary sinus and the great cardiac vein. This flimsy
valve is composed of 1 to 3 leaflets.

The right atrium contains the natural cardiac pacemaker, the sinoatrial node. The
latter localizes to the posterolateral wall near the orifice of the superior vena cava.
Intra- and interatrial preferential conduction paths traverse the atrium anteriorly,
superiorly, and posteriorly.

Among its anatomical structures, the ferminal crest, also called crista terminalis,
is a vertical ridge that extends from the lower posterior lateral wall to the region just
below the sinoatrial node. It separates the trabeculated muscular and smooth right
atrial walls.

Numerous pectinate muscles run from the anterior part of the terminal crest to
the right free wall. The right auricle, or atrial appendage, is a pouch-like extension
of the wall that consists of pectinate muscles. The right auricle is separated from
the right atrium by the ferminal sulcus, or sulcus terminalis, and, internally, by the
terminal crest.

The flap valve of the fossa ovalis, a remnant of the oval foramen and its inferior rim are septal
structures, whereas the other rims are infoldings enclosing fat [11].

10The septum secundum is an infolding of the atrial wall. The actual atrial wall is the flap valve of
the foramen ovale.

'In the fetus, this ridge directs the blood from the IVC to the LA through the foramen ovale. In the
adult, it occasionally persists.
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The atrial septum contains the foramen ovale, or fossa ovalis, that corresponds to
the opening between the right and left atrium during the intrauterine life and closes
at the moment of birth. The limbic band is a ridge that surrounds the foramen ovale.

The Eustachian ridge, like the Thebesian ridge, runs along the anterior border of
the orifice of the inferior vena cava and posteriorly toward the coronay sinus ostium,
where it may connect with the Thebesian ridge.

The atrioventricular tricuspid valve is inserted to the annulus fibrosus. The
ventricular side of its 3 leaflets is attached to the chordae tendineae.

The triangle of Koch is a region of the lower right atrium defined by: (1) the
ostium of the coronary sinus, posteriorly; (2) the septal leaflet of the tricuspid
valve annulus; and (3) the tendon of Todaro, a tendinous structure connecting the
Eustachian ridge of the inferior vena cava ostium to the central fibrous body. The
inferior right atrial isthmus between the Eustachian valve and the tricuspid annulus
inferior to the coronary sinus constituted of interlacing muscular trabeculae is a zone
of slow conduction. The atrioventricular node localizes to the center of the Koch’s
triangle.

1.6.1.2 Left Atrium

The left atrium is oriented leftward and posteriorly with respect to the right atrium.
Its walls can be described as superior, inferoposterior, septal, left lateral, and
anterior.

Its structure is characterized by a pulmonary venous territory situated posteriorly
and superiorly with the orifices of 4 pulmonary veins at each corner, a lateral finger-
like appendage with pectinate muscles, an inferior vestible that surrounds the mitral
valve orifice, and a prominent body that shares the septum with the right atrium.

The walls are composed of overlapping layers of differently oriented myofibers.
In addition to oblique myofibers, circular myofibers are more or less parallel to the
atrioventricular valve plane and longitudinal myofibers run nearly perpendicularly.
The wall thickness is varies markedly according to the atrial region.

Electrochemical impulse propagates through interatrial connections in the
subepicardium. The Bachmann’s bundle, the most prominent connection, runs
anteriorly across the interatrial grove. Other connections include the coronary sinus
musculature and posterior conducting bridges. Atrial activation arises from the
lateral right atrial wall through the interatrial septum to the inferior, anterior, and
lateral left atrial walls during sinus rhythm.

The left atrium ensures the transition from a continuous flow through the
pulmonary veins to the intermittent filling of the left ventricle. The left atrium has
3 functions: (1) reservoir, storing pulmonary venous return during left ventricular
systole and isovolumic relaxation (after the closure and before the opening of the
mitral valve); (2) conduit for blood flow from pulmonary veins to the left ventricle
in early diastole driven by a pressure gradient when the atrioventricular valve is
open (passive ventricular filling); and (3) pump to increase left ventricle filling in
late diastole when time is available (active ventricular filling), thereby determining
the left ventricular end-diastolic volume.
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The atrial contraction can be assessed by pulsed-wave tissue Doppler echocar-
diography. The contraction of the lateral wall can be delayed with respect to that of
the anterior and inferior walls.

In each phase of the cardiac cycle, the left atrium and ventricle are closely related.
In normal subjects, the reservoir, passive conduit, and pumping phases represent
about 40, 35, and 25% of the atrial contribution to stroke volume, respectively.

Left atrial flow contributes to about 26% of the normal left ventricle filling
volume [12]. When the left ventricle relaxation is altered, this contribution can
rise to about 38% of the stroke volume. In restrictive left ventricle disease, the
filling pressure progressively increasing, this contribution can decay to about 19%.
The maximal left atrial volume-to-body surface area ratio and left atrial emptying
fraction can serve as indices. The former increases and the latter decreases in
hypertension and are correlated to left ventricle end-diastolic volume and ejection
fraction as well as natriuretic peptide levels [13].

1.6.2 Ventricles

The right ventricle forms the larger part of the sternocostal surface and a small
part of the diaphragmatic surface of the heart. Its upper left angle forms a conical
pouch (conus arteriosus), which gives rise to the pulmonary artery. The anatomy of
the right ventricle differs from that of the left ventricle. It has a more complicated
shape; it is more trabeculated; it wraps the left ventricle. Its wall is thinner (thickness
3-5 mm).

The left ventricle is longer than the right. It forms a small part of the sternocostal
surface and the larger part of the diaphragmatic surface of the heart. It corresponds
to the apex of the heart.

Both ventricles have 3 types of muscular columns: (1) some are attached along
their entire length on one side; (2) certain of them are fixed at their extremities, but
free in the middle; (3) others—papillary muscles—are anchored by their bases to
the ventricle wall and their apices serve as insertions for chordae tendineae.

Each ventricle possesses 2 papillary muscles connected to the anterior and
posterior walls of the ventricle. In the right ventricle, chordae tendineae connect
either the anterior papillary muscle to the anterior and posterior cusps or the
posterior papillary muscle to the posterior and medial cusps of the tricupid valve.
In the left ventricle, chordae tendineae from each papillary muscle are connected to
both cusps of the bicuspid mitral valve.

The structural organization of the ventricular wall is characterized by a three-
layered structure with a three-dimensional myofiber arrangement. The left ventricu-
lar wall contains epicardial myocytes oriented obliquely, midmyocardial myocytes
more circumferentially directed (hence the circumferential shortening and radial
thickening during contraction), and oblique endocardial myocytes. In the right
ventricle, epicardial myofibers are oriented obliquely, the midwall circumferential
layer is poorly developed, and endocardial myofibers are oriented longitudinally.
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Fig. 1.4 View from the arterial lumen of the aortic orifice. (Left) Two displayed cusps with their
free edges and the lunulae; the commissure is at the lower left corner. (Right) Three close cusps;
the insertion line of the 3 semilunar leaflets, from the cusp nadir to the commissures are hidden by
the aorta wall

The right ventricular ejection results by longitudinal shortening rather than by cir-
cumferential deformation. The longitudinal shortening progresses from the inflow
to the outflow part of the right ventricle.

1.6.3 Aortic Valve

The aortic valve consists in 3 quasi-equal semilunar cusps: right, left, and noncoro-
nary leaflets (thickness 0.2-0.4 mm;'? Fig. 1.4) [14]. Dimensionless heights and
bores are displayed in Fig. 1.5. Dimensions of the 3 cusps of the aortic valves are
also given in Table 1.5 for porcine hearts, which provide orders of magnitude of
cusp sizes [15].13

Each aortic valve leaflet is constituted of 3 layers (Vol. 5 — Chap. 6. Heart Wall):
the fibrosa facing the aortic surface; the ventricularis in front of the left ventricle;
and the spongiosa between these 2 layers. Whereas the fibrosa consists mainly of
collagen fibers in circumferential direction, the ventricularis is mainly composed of
elastin.

A congenital bicuspid valve is observed in approximately 0.5 to 2% of the general
population. The valvular ring geometry is oval, whereas the tricuspid valve orifice
is circular. In addition, the cusp opening angle is lowered with respect to a tricuspid
valve [16]. Congenital bicuspid valve generates a different field of mechanical

2Higher thickness values up to 700 um can be found.
13Between-species geometry variations may explain xenograft failure with porcine bioprostheses.
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Fig. 1.5 Schematic drawing of the aortic valve and dimensionless lengths (Source: [14])

Table 1.5 Dimensions (mm; mean data of a set of 10 post-
mortem porcine hearts) of right (RCC), left (LCC), and noncoro-
nary (NCC) leaflets of porcine aortic valves [15]

RCC LCC NCC
Width 133 13.9 13.7
Free edge length 33.0 31.5 32.7
Insertion line length 46.4 47.6 48.1
Perimeter 79.4 79.1 80.8

stresses both on the aortic valve and wall than that exerted by the flow expelled
through a tricuspid valve.

The 3 Valsalva sinuses of the aorta root match the 3 valve leaflets (Figs. 1.6
and 1.7) [17]. The coronary arteries branch off from 2 sinuses (Fig. 1.8).

The intersection regions between the aorta wall and the cusp free edges are called
the commissures. The nodulus of Arantius is a large collagenous mass in the central
part of the coaptation region.'* The lunula is the region on each side of the nodule.
When the aortic valve is closed, the free margins of the cup-like leaflets seal each
other, defining 2 planes, a vertical sealing (the aorta root axis being vertical) and a
bottom oblique plane from the insertion line to the channel axis, with an angle of
nearly 20 degrees. >

4The cusp coaptation region is the leaflet portion below the free edge, which comes into contact
with the neighboring cusps.

5The more or less curved bottom cusp below the coaptation region, which is connected to the wall,
is approximated by a straight line in a plane crossing the mid-cusp.
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Fig. 1.6 Top view of a mesh
of the aorta root with the

3 leaflets of the aortic valve
and the Valsalva sinuses
(from T. Cherigui)

Fig. 1.7 Model of the aorta root with aortic valve cusps in open and closed configurations (from
T. Tran)

Fig. 1.8 Valsalva sinuses of the aortic root with the coronary ostium. In the calf heart, the
commissure reaches the sinotubular junction, whereas it remains below in humans. (Left) Coronary
ostium with its smooth convergent. (Right) View of the sinotubular ridge
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Table 1.6 Mean dimensions LCC RCC NCC
of human aortic leaflets (mm;

LCC: left coronary cusp; Cusp height 15.2 15.0 14.9
RCC: right coronary cusp; Lunula width 4.6 4.4 43
NCC: noncoronary cusp; Lunula length 30.6 30.1 30.0
Source: [19]) Intercommissural distance 25.2 24.5 24.1
Intercommissural chord 19.8 19.2 20

When the reference length is the channel bore at the insertion line bottom, the
sinus height is equal to 0.87, the length between the insertion line bottom and the
commissure 0.71, the coaptation length 0.17, and the maximum sinus half width
0.65-0.73; the aortic bore downstream from the sinuses is almost equal to 1 [14].
The open leaflets form a triangular orifice when the cusps are not fully open. To
limit the valve obstacle, the flow can flatten the cusp along the sinus cavity, the cusp
end projecting slightly inside the cavity [18].

Certain dimensions of Valsalva sinuses and cusps of the aortic valve, left
coronary cusp (LCC), right coronary cusp (RCC), and noncoronary cusp (NCC)
have been measured [19]. The height of the cusps are assessed from the bottom
of the Valsalva sinus to the cusp free margin at the middle point between the
commissures. The mean values'® of aortic valve dimensions (cusp height, lunula
width and length, and intercommissural distance)!” for the 3 cusps (LCC, RCC,
and NCC) are given in Table 1.6. The position of the ostium can be determined
by the distances between the ostium and the commissures at the left and right
side of the ostium and the length between the ostium and bottom (nadir) of the
corresponding Valsalva sinus. The authors have observed that both coronary ostia
can be located in the left coronary sinus and be supracommissural. The left and right
coronary ostia are located on average at a distance of 9.6 and 11.1 mm from the left
commissure, 11.0 and 11.1 mm from the right commissure, and 13.3 and 14.8 mm
from the Valsalva sinus bottom, respectively. The position of the aortic leaflets can
also be defined with respect to the ventricular septum, using the distance between
the septal extremity and RCC-LCC commissure, the septal end and the RCC-NCC
commissure, and the septum and the NCC-LCC commissure. The mean values of
these distances are 9.5 (£ 5.3), 5.7 (£ 4.2), and 19.2 (£ 2.9) mm. The mean aortic
diameter is equal to 21.8 (£ 3.6) mm.

The aortic valve begins to close when the intraventricular starts to decay, i.e.,
during the decelerating phase of the systolic ejection. Blood pushing between
aortic face of valve leaflets and Valsalva sinus walls can help to terminate valve
closing. During diastole, when the valve is closed, the coaptation zone (between-

150One hundred healthy hearts of both sexes from people 9 to 86 years old have been studied.

17Semilunar leaflets have a thin free lunula with a dense nodule at the midpoint. The size of the
lunulae is estimated by the width at the commissural level and the length of the free margins. The
intercommissural distances, either straight (chord) or curved (arclength) along the aortic orifice
circumference, have also been measured.
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cusp contact region) is able to withstand backflow originating from deflating aorta.
The valve leaflets are stretched in both circumferential and radial direction during
diastole with respect to systole [16]. During the cardiac cycle, the aortic valve
bears pressure on their wetted surface and parietal stretch as well as bending
forces.

1.6.4 Internal Anatomical Features of the Heart

1.6.4.1 Nodal Tissue

Nodal tissue (Vol. 5 — Chap. 6. Heart Wall) is a specialized type of myocardium
that generates (heart automatism) and propagates command electrochemical waves
(action potential), which trigger myocardium contraction. Therefore, nodal tissue
contracts like a striated muscle such as the myocardium and generates impulses
such as nerves. When action potential depolarizes cardiomyocytes of left and right
homologous chambers, these chambers contract (excitation—contraction coupling).

Action potential is generated by the sinoatrial node (pacemaker) located in
the posterior wall of the right atrium near the superior vena cava. It spreads
throughout the atria primarily by an intercellular conduction (speed ~0.5m/s),
although specialized atrial conducting routes—internodal tracts—exist. Action
potential then reaches the atrioventricular node situated in the posteroinferior region
of the interatrial septum. This impulse then enters the base of the left ventricle
running along the atrioventricular bundle, or bundle of His, and the left and right
bundle branches along the interventricular septum that divide into Purkinje fibers
(Table 1.7).

1.6.4.2 Inner Anatomical Landmarks

The right atrium (volume ~60ml [3]) is larger than the left, but its walls are
thinner (~2mm [3]). Its cavity consists of 2 parts, a main posterior cavity, or
sinus venarum (sinus venosus), between the 2 venz cava, and a smaller ante-
rior region, the auricula (right auricular appendix or auricula dextra). The right
atrium contains openings of (Fig. 1.9; Table 1.8): (1) the superior and inferior
vena cava, the latter being guarded by the ridge of the inferior vena cava, a
rudimentary semilunar valve, or (the Eustachian ridge; (2) coronary sinus protected
by the ridge of the coronary sinus, or the (Thebesian ridge, a semicircular fold;
(3) foramina venarum minimarum (foramina Thebesii), orifices of small veins; and
(4) valved atrioventricular orifice. The fossa ovalis is an oval depression of the
atrium that corresponds to the foramen ovale in the fetus, above the orifice of the
inferior vena cava. The annulus ovalis is the prominent oval margin of the fossa
ovalis.
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Table 1.7 Nodal tissue, a specialized myocardium

Component
(impulse time)

Features

Sinoatrial node
@t =0

Internodal tracts

Atrioventricular node
(t ~70ms)

Atrioventricular bundle
(or His bundle)

Bundle branches

(t ~160 ms)

Left posterior fascicles
Purkinje fibers

(t ~180ms at apex)
(t ~220ms at base)

Located within the crista terminalis

near the superior vena cava

Cardiac pacemaker

Anterior, middle, and posterior path

P wave on ECG trace

Located in the right atrium above the opening of
the coronary sinus and the septal cusp of

the tricuspid valve

PQ segment on ECG trace

Passes through the right fibrous trigone into

the muscular part of the interventricular septum
In the interventricular septum

Right and left branches

QRS segment on ECG

In walls of the left ventricle

QRS segment on ECG

Conduct action potentials at high speed
(~4m/s) throughout the ventricles

QRS segment on ECG

The upper left angle of the right ventricle (volume ~90 ml [3]) forms a conical
pouch, the conus arteriosus, from which the pulmonary artery arises. A tendinous
band (tendon of the conus arteriosus) extends upward from the right atrioventricular
fibrous ring and connects the posterior surface of the conus arteriosus to the aorta.
Trabecul@ carnea (or columnce carnece) are muscular columns that project from the
inner surface, except in the conus arteriosus.

The left atrium (volume ~35ml [21]) is smaller than the right, but its walls
are thicker (~3 mm). Like the right atrium, it consists of 2 regions, the principal
cavity and (auricula). It contains: (1) openings of the 4 pulmonary veins; (2) mitral
orifice surrounded by a dense fibrous ring, cusps of which are are larger, thicker,
and stronger than those of the tricuspid valve; and (3) pectinate muscles (musculi
pectinati) that are fewer and smaller than in the right atrium and confined to the
auricula.

The left ventricle forms the cardiac apex (end-diastolic volume ~120 ml; end-
systolic volume ~40 ml [22]). Its wall thickness is about 3 times larger than that of
the right ventricle. It contains trabecul® carnea® and chorda tendinez.
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Fig. 1.9 View of interior right side of the heart (Source: [3])

1.6.5 Heart Vascularization

The heart is perfused by the right (RCA) and left (LCA) coronary arteries,
originating from the aorta just above the aortic valve.'® These distribution coronary
arteries lie on the outer layer of the heart wall. These superficial arteries branch into
smaller arteries that dive into the cardiac wall.

The right coronary artery branches successively into the conus, right ventricle,
acute marginal, posterior descending, and posterior left ventricle arteries. It supplies
blood to the right atrium and posterior part of the ventricles.

The left coronary artery divides into the left anterior descending and circumflex
arteries, giving birth to obtuse marginal and diagonal branches, respectively. It
supplies blood to the left atrium and the anterior part of the ventricles (Fig. 1.10).

1.6.6 Heart Innervation

The heart is capable of beating independently of any nervous or hormonal influ-
ences, as it is endowed with intrinsic automaticity. However, its activity is influ-
enced by nervous signals as well as by regulatory chemicals.

3The lumens of the coronary arteries are not obstructed by open leaflets.
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Table 1.8 Anatomical elements and landmarks of cardiac cavities (Source: [3,20])

Element

Description

Atrioventricular valves
Tricuspid valve

Mitral valve

Chordae tendineae
Ventriculoarterial valves
Aortic valve

Pulmonary valve

Right atrium

Crista terminalis

Fossa ovalis

Limbus fossa ovalis
Pectinate muscles

Septomarginal trabecula
(moderator band)

Between the right atrium and right ventricle
3 cusps (anterior, posterior, and septal)
Between the left atrium and left ventricle

2 cusps (anterior and smaller, posterior)
Cords attaching atrioventricular valve cusps
to papillary muscles

Lodge only in the ventricles

3 semilunar valves

(right, left, and posterior cusps)

3 semilunar valves

(anterior left and right and posterior cusps)

Ridge of cardiac muscle separating the smooth-walled
posterior sinus venarum from the roughened wall of

the anterior atrium

Shallow depression in the left wall

Remnant of the foramen ovale

Ridge around the fossa ovalis in the left wall
Prominent ridges of myocardium

Ridge from the interventricular septum to
the anterior papillary muscle

19

Left atrium
Pectinate muscles
Right ventricle
Papillary muscles

Prominent ridges of myocardium

Projections of myocardium

3 (anterior, posterior, and septal)

Smooth region

Below the opening into the pulmonary trunk
Trabeculae carnae Ridges

Left ventricle
Papillary muscles

Pulmonary conus

Projections of myocardium
2 (anterior and posterior)
Trabeculae carnae Ridges

As are other myocyte types and neurons, cardiomyocytes are excitable. They
synchronously contract at a given rate when their plasma membrane depolarizes
upon the arrival of electrochemical impulses—action potentials—that are initiated
in and run through the nodal tissue.

The heart is innervated by both components of the autonomic nervous system
(ANS; Sect. 1.8; Table 1.9; and Fig. 1.12). Normally, parasympathetic innervation
represents the dominant neural influence on the heart. Maximal stimulation of
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RCA

s

RVB

AMB

Fig. 1.10 Schematic drawing of the coronary artery network (LCA, RCA: left and right coronary
arteries; CB: conus branch; RVB: right ventricle branch; AMB: acute marginal branch; PLVA:
posterior left ventricle artery; PDA: posterior descending artery; LADA: left anterior descending
artery; LCxA: left circumflex artery; OMB: obtuse marginal branch; DB: diagonal branches)

Table 1.9 Mediastinal nerves control blood circulation and respi-
ration that affects the venous return

Nerve Target

Sympathetic Heart
Blood vessels
Tracheobronchial tree
Parasympathetic ~ Heart
Blood vessels
Bronchial smooth myocytes and mucous glands

vagal fibers can stop myocardium contractions. When stimulated, sympathetic fibers
release noradrenaline (Sect. 3.6.2).

Parasympathetic innervation originates in the cardiac inhibitory center in the
medulla oblongata of the brainstem and is conveyed to the heart via the vagus nerve
(cranial nerve X; Table 1.10).

Sympathetic innervation comes from the cardiac accelerating center in the
medulla and upper thoracic spinal cord. The cardiac sympathetic nerves extend
from sympathetic neurons in stellate ganglia, which reside bilateral to vertebrae.
Sympathetic nerve fibers project from the base of the heart into the myocardium.
They are located predominantly in the subepicardium in the ventricle. The nodal
tissue is abundantly innervated with respect to the myocardium.

Neurons involved in cardiac regulation localize to the insular cortex from
the heart (Table 1.11) [23]. Intrathoracic ganglia are monosynaptic efferent relay
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Fig. 1.11 Coronary artery calibers. (Top) Ostia in the Valsalva sinuses between the valve insertion
lines and sinotubular ridge are separated by commissures of the right and left coronary cusps of
the aortic valve. In this 3-month-old calf, the bore of the entrance segment of the right coronary
artery is smaller than the left. (Bottom) Differences in the bore of the entrance segment slices of
the aorta and right and left coronary arteries (from left to right) by artery slice sizes. Axial cut of
vessel segments, like those displayed here, induces a circumferential lengthening of 10% to 20%
(azimutal prestress in unstressed configuration)

stations that process efferent inputs to the heart. Sensory information transduced
by cardiovascular afferent neurons in nodose and dorsal root ganglia is processed
by the central nervous system to activate sympathetic postganglionic neurons in
paravertebral ganglia via the spinal cord neurons. Parasympathetic postganglionic
neurons in the target organ ganglia receive inputs from medullary neurons.

Cardiac sensory afferent neurons localize in intrathoracic extracardiac, intrinsic
cardiac ganglia, nodose, and dorsal root ganglia from C7 to T4 levels of the spinal
cord [23].

Activated cardiac motor neurons regulate cardiac frequency (chronotropy),
nodal conduction (dromotropy), contractibility (inotropy), and diastolic relaxation
(lusitropy). Activated sympathetic efferent neurons increase cardiac chronotropy,
dromotropy, and inotropy and decrease left ventricular end-diastolic volume; acti-
vated parasympathetic efferent postganglionic neurons have opposite effects.

Fat pads on the surface of the heart contain neural ganglia. The interacting sinoa-
trial ganglion and posterior atrial ganglion reduce the cardiac frequency (negative
chronotropic effect); the atrioventricular ganglion lowers the nodal conduction
(negative dromotropic effect); and the cranioventricular ganglion attenuates the
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superior cervical

(C1--C4) ganglion
larynx

middle cervical

(C5——C6) ganglion trachea
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ital cardiac nerve
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Fig. 1.12 Sympathetic innervation of heart and respiratory tract (C: cervical nervous root; T:
thoracic (dorsal) nervous root/ganglion)

left ventricule contractility (negative inotropic effect) [24]. Intraganglionic neuronal
circuits are found within the sinoatrial ganglion defining an intrinsic cardiac nervous
system [24].

Cardiac parasympathetic efferent preganglionic neuronal soma reside primarily
in the ventral lateral region of the nucleus ambiguus as well as in the dorsal motor
nucleus and the intermediate zone between these 2 medullary nuclei [23]. These
neurons project axons to parasympathetic efferent postganglionic neurons of atrial
and ventricular ganglionated plexus (right [RAP], dorsal [DAP], left [LAP], and
inferior vena cava—inferior [[VCIAP] atrial and right [RVP], ventroseptal [VSVP],
and craniomedial [CMVP] ventricular ganglionated plexus).' Intrinsic cardiac

19 A nervous plexus is a branching network of axons, or nerve fibers, which can include sympathetic
and parasympathetic efferents and visceral afferents. It can be constituted by subdivisions of
2 or more nerves, which are interconnected with one another to form a network through which
nerve fibers of the constituent nerves are regrouped (e.g., cervical, brachial, and sacral plexus).
A ganglionated plexus contains axons as well as autonomic neuron soma. Cardiac ganglionated
plexus lodge in epicardial fat pads. Atrial fibrillation is associated with an increased risk of stroke
and heart failure. Antiarrhythmic drug-refractory atrial fibrillation is treated by minimally invasive,
electrophysiologically guided, video-assisted surgery with ganglionated plexus ablation.
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Table 1.10 Nerves of the thorax (Source: [3])

Nerve

Source and branches

Cardiac plexus

Pulmonary plexus

Vagus nerve (X)

Formed by cardiac branches of the parasympathetic vagus
nerve and cervical sympathetic trunk that has usually

3 cardiac branches (superior, middle and inferior)
Supplies the coronary and pulmonary plexus

Formed by pulmonary branches of vagus nerve and

the sympathetic trunk

Supplies the bronchial tree and visceral pleura
Parasympathetic: mainly bronchial smooth muscle and glands
Sympathetic: mainly vascular smooth muscle

Innervate heart, tracheobronchial tree, and lung parenchyma
Branches in the jugular fossa: meningeal and auricular
Branches in the neck: pharyngeal, superior laryngeal,
recurrent, and superior cardiac

Branches in the thorax: inferior cardiac, esophageal,
anterior and posterior bronchial

Branches in the abdomen: gastric, celiac, and hepatic
Hence, 2 cervical cardiac (superior and inferior) and

1 or more thoracic cardiac branches

Sensory fibers from cells of jugular and nodose ganglion
(inferior ganglion: organs of head, neck, and thorax)
Somatic motor fibers from cells of the nucleus ambiguus
(intrinsic muscles of the larynx, pharynx

except stylopharyngeus)

Efferent fibers from the dorsal motor nucleus

(airway smooth muscle, heart

glands of the pharynx, larynx, and airways)

Superior (jugular) ganglion communicates with

the accessory nerve,

the petrous ganglion of the glossopharyngeal,

the facial nerve via auricular branch, and

the sympathetic superior cervical ganglion

Inferior (nodose) ganglion connects to

the hypoglossal,

the superior cervical ganglion of the sympathetic,

and the loop between the first and second cervical nerves

cholinergic efferent postganglionic neurons receive direct inputs from medullary

preganglionic neurons of these 2 medullary nuclei.

For example, the left atrial ganglionated plexus located in epicardial fat pads
and ligament of Marshall?® contain afferent neurons from the atrial myocardium,

23

2The ligament of Marshall is a vestigial structure on the epicardium between the left atrial
appendage and left pulmonary veins. It contains muscle bundles (Marshall bundles) that directly
connect to atrial myocardium and coronary sinus muscle sleeves. Ganglionated plexus lodge in and
around the ligament of Marshall.
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Table 1.11  Tiers of the nervous control of the heart
(Source: [23]). Cardiac mechano- and chemosensory cues are
transduced by receptor cells and transmitted by afferent neurons,
soma of which localize in nodose, dorsal root, and intrathoracic
extrinsic and intrinsic cardiac ganglia. This information engen-
ders intrathoracic and central medullary and spinal cord reflexes
transmitted by a massively parallel command. Intrinsic cardiac,
mediastinal, middle cervical, stellate, and superior cervical gan-
glia are related to overlapping, spatially defined cardiac regions.
Intrathoracic, dorsal root, and nodose ganglia signal directly or
indirectly via interconnecting neurons to cardiac adrenergic and
cholinergic motor neurons

Higher centers

Medulla
Central nervous system Spinal cord
Intrathoracic ganglia Efferent neurons
(extracardiac) Afferent neurons
Local circuit neurons
Intrinsic cardiac Efferent sympathetic neurons
ganglia Efferent parasympathetic neurons

Afferent neurons

Local circuit neurons
Nodose and Afferent neurons
dorsal root ganglia

efferent cholinergic and adrenergic neurons, and interconnecting neurons, which
allow communication between ganglionated plexus. Stimulation of the ganglionated
plexus produces both parasympathetic stimulation, which shortens action potential
duration, and sympathetic stimulation, which increases calcium transients in the
atrial and pulmonary vein myocardium.

Sympathetic efferent postganglionic neurons involved in cardiac regulation
receive inputs from caudal cervical and cranial thoracic spinal cord preganglionic
neurons [23]. Cardiac sympathetic efferent preganglionic neurons of the spinal
cord project axons via the T1 to TS5 rami that synapse with [23]: (1) cardiac
sympathetic efferent postganglionic neurons of the superior and middle cervical
ganglia; (2) cranial poles of stellate ganglia; (3) mediastinal ganglia adjacent to
the heart; and (4) intrinsic cardiac ganglionated plexus. Sympathetic postganglionic
neurons of intrinsic cardiac plexus project axons to widespread regions of the
heart. Among them, some project 2 axons via different cardiopulmonary nerves to
innervate distinct cardiac regions.

Many intrathoracic local circuit neurons receive inputs from additional extratho-
racic sources. The intrathoracic local circuit comprises various sets of neurons.
Many neurons of intrathoracic ganglia project axons only to other neurons within the
same ganglion [23]. A second set of neurons projects axons to neurons in different
intrathoracic ganglia. A third set of neurons projects axons to central neurons.

Intrinsic cardiac afferent neurons transmit signals from local mechano- and
chemoreceptors as well as those of large intrathoracic vessels to other neurons of
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the same ganglion as well as to those in other intrinsic cardiac and intrathoracic
extracardiac ganglia [23]. In other words, intrathoracic afferent neurons signal to
both local circuit neurons in intrinsic cardiac and intrathoracic extracardiac ganglia
and central neurons.

The cardiac innervation is characterized by [23]: (1) short-latency feedbacks
relying on intrinsic cardiac ganglia that modulate cardiac function during each
cardiac cycle; (2) medium-latency feedback communicated by intrathoracic ganglia
that influence the cardiac behavior over a few cardiac cycles; and (3) relatively
long-latency feedback signals from the spinal cord and brain responsible for
sustained effects. Dorsal root and nodose ganglion cardiovascular afferent neurons
initiate spinal cord- and brainstem-derived reflexes, respectively. Anatomical and
functional connectivity among atrial and ventricular neurons supports long-term
interactions.

Some intrathoracic extracardiac and intrinsic cardiac local circuit neurons have
a respiratory-related activity: (1) right ventricular outflow tract mechanosensory
neurons that react to changes in pulmonary arterial resistance and (2) pulmonary
mechanosensory neurons that respond to regional pulmonary strains. Adaptation
of cardiovascular and respiratory functions is thus ensured by a simultaneous
coordinated control.

The intrinsic cardiac nervous system not only acts as a simple monosynaptic
relay for central control of regional cardiac function, but also processes sensory
information from various regions of the heart. On the one hand, sensory neurons
in each major part of the intrinsic cardiac autonomic nervous system (ganglionated
plexus) transmit signals received by relevant receptors throughout the heart. In the
other, many atrial and ventricular neurons have stochastic behavior that may reflect
the stochastic nature of sensory inputs [25].

Intrinsic atrial and ventricular neurons can be stimulated by numerous types
of chemicals, including those liberated by the ischemic myocardium, such as
adenosine and bradykinin [25]. Chemosensory signals may have a greater impact
than mechanosensory inputs.

1.6.7 Fractal Geometry

At rest, i.e., in the absence of acute stimulation, physiological apparatus are in
a steady state. The basic structural and functional unit—the cell—operates under
optimal conditions of pH, temperature, osmolarity, and nutrient levels. However,
the maintenance of equilibrium must cope with the circadian rhythm of the body
driven by internal clocks (Vol. 2 — Chap. 5. Circadian Clock), among others.?! Upon

2I'The circadian pacemaker in the suprachiasmatic nucleus with its transcriptional and translational
feedbacks has a self-sustaining activity with a reset mechanism responsive to environmental signals
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stimulation, biological entities switch to other states, continuing to ensure the body’s
homeostasis adapted to new environmental conditions.

Physiological apparatus are, in fact, characterized by complex behaviors. They
experience 5 main types of behaviors [26]: (1) equilibrium (e.g., homeostasis
maintenance); (2) periodicity produced by a single oscillator or synchronized
multioscillator, a process used by biological clocks and anatomical pumps; the cycle
is repeated with a given frequency; (3) quasi-periodicity created by multioscillators
that can bifurcate, a mechanism involved when order is required; the ratio between
involved cycle frequencies is not a rational number. (4) deterministic chaos gener-
ated by multioscillators when efficiency and flexibility is needed; the behavior is
not confined to repeated cycles at a given rhythm; it is free to respond and adapt,
although it is constrained by initial conditions; and (5) random behavior, usually
a pathological state, which results from loss in coordination between involved
components.

Equilibrium, periodicity, and quasi-periodicity are examples of linear dynamics.
Causes produce effects in a magnitude-dependent manner. The behavior of the
entire system can be deduced by adding the behaviors of each of its components.
Equilibrium, periodicity, and quasi-periodicity can be studied using the reductionist
approach, but not deterministic chaos, as a nonlinear system is more than the sum
of its parts.

Nonlinear dynamics is used to study the controlled behavior of a deterministic
system that experiences discontinuous sudden phenomena. In a nonlinear system,
the system components cannot be added, as they participate in positive and negative
feedback (amplification or reduction).?? In a chaotic system, small changes in initial
conditions are magnified (sensitivity to initial conditions); its behavior cannot be
predicted over the long term.

The phase space enables the display of values of parameters that describe the
state of a studied system. The system state, at any given moment, can indeed be
represented as a point in the phase space. As the state of a dynamic system is
continuously changing, all possible states of the system are graphically depicted.

The evolution of a dynamical system toward a given state results from a driving
force that dampens effects of initial transient states, i.e., a given set of points in
phase space, the attractor. The attractor of a deterministic nonchaotic system, hence
a predictable behavior, can be a fixed point, a limit cycle (a periodic system), or
a limit torus (a quasiperiodic system). Physiological apparatus can change their
dynamics and move between order and chaos. In phase space, the attractor changes
(bifurcation).

delivered by the retinohypothalamic tract. It regulates peripheral clocks using neurohormonal
commands.

22 A feedback loop is a regulatory loop that feeds the system, either negatively (an increasing output

has a suppressing effect on the triggering signal) or positively (an increasing output amplifies the
output), modulating the input by the output.
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The attractor of a chaotic system—the strange attractor—is displayed as points
loop endlessly within the boundaries set by the attractor toward a central point, but
the trajectory traced by the point never repeats. The strange attractor contains an
infinite number of possible trajectories through which the state of the system can
cycle. Strange attractors are fractals [26].

Fractals®® are mathematical contructs characterized by a never-ending cascade
of similar structural details revealed upon magnification on all scales. These self-
similar structures are governed by power-law functions** and fractal dimensions,
i.e., fractional (noninteger dimensions). An empirical fractal dimension (D ) is
calculated between a property (P) and the resolution (r) of the general form [27]:

P =kr/®Pn, (1.2)

where k is the prefactor for the power law and the exponent f(D ) is a simple
function of the fractal dimension D y. The power law enables us to correlate in a
simple manner properties of a system to its structure and to the dynamics of its
formation.

A fractal object, in the purely mathematical sense, requires infinitely multiple
orders of magnitude of power-law scaling. Fractality at least requires many orders
of magnitude, i.e., many iterations, or resolution levels. In particular, fractals
are fragmented geometric figures that repeat themselves at progressively smaller
scales, exhibiting progressively more complicated structure when observed at larger
magnifications. Yet, when a small part of the overall self-similar structure is
magnified, it exhibits nearly the same aspect as the entire object. In other words,
split parts are, at least approximately, reduced-sized copies of the entire structure.

The smaller the fractal dimension, the higher the influence of determinism (the
lower that of randomness). The fractal dimension of a self-similar pattern is typically
larger than the topological dimension. However, nonlinear fractals are not self-
similar.

The Julia and Mandelbrot sets are examples of fractal structures with perfect
self-similarity. These sets can be obtained by iterative computations that relies on:

* *P *
L1 = &y +c, (13)
where z* and ¢* are complex numbers and p denotes power (a natural number [or

positive integer] equal or greater than 2). If an object is subdivided into N elements
to fill the original space using a scale factor r, then:

2Latin fractus: rupture; fractus (a, um [frango]): broken, divided up, fractured, interrupted,
shattered, smashed.

2#Kleiber’s law is a metabolism scaling law, or power law, that predicts the metabolic rate (M)
using a 3/4 power relation between the body mass () and energy consumption [28,29]:

M o m3/*. (1.1



28 1 Anatomy of the Cardiovascular Apparatus

N =kr=Pr, (1.4)

where k is a constant.

Diffusion-limited aggregation is a diffusion process whereby particles have a
random walk behavior, but when a particle comes into contact with another particle
it sticks to it and can no longer move, leading to an accretion. A spatial pattern is
dynamically formed that has a fractal feature.

In a fractal system, the measurement of any parameter depends on the resolution
at which the measurement is carried out. The value of the measured length generally
increases when finer details are revealed. The scaling relates the measurement to the
resolution.

Physiological apparatus are characterized by a statistical self-similarity, rather
than a perfect self-similarity. Unlike mathematical examples, biological fractals are
usually only self-similar over a limited range of orders of magnitude of length
scales, i.e., are bounded by a maximal (global configuration) and a minimal (size
of smallest component) scale. A limiting magnification exists, beyond which self-
similarity is lost. Moreover, fractals are approximately self-similar at different
scales.

In the cardiovascular apparatus, fractal geometry was used to model the architec-
ture of venous (blood drainage from body’s tissues) and arterial (blood distribution
from the cardiac pump) circuits (e.g., from large feeding arteries to small arterioles,
i.e., a range of 3 orders of magnitude [O[1 cm], O[1 mm], and O[100 pm]).

Fractal analysis was also utilized in the heart, in addition to coronary vasculature
(arteries and veins), especially to describe the structure of specialized tissues, such
as the myocardium (from muscular bundles and myofibers to myofibrils and myofil-
aments), papillary muscles and chordae tendinae binding the auriculoventricular
valves to the heart wall, aortic valve leaflets, and the His—Purkinje nodal circuit
devoted to the propagation of electrochemical command waves.

The fractal structure may yield fault tolerance during development and growth. In
addition, fractal branching provides a suitable surface area in the available volume.
Moreover, fractal structure redundancy supports robustness against injury. Last,
by not least, the fractal structure of the blood circulation enables tthe damping
of eventual hammer blows generated by the heart, as fractal boundary conditions
drastically alter wave excitations [30].

Moreover, fractal analysis was used in time-varying signal processing such as
deterministic variability of the cardiac frequency. The beat-to-beat variability of the
sinusal rhythm controlled by the parasympathetic nervous system was processed by
a temporal fractal, as the self-similarity extends over many time scales. The nodal
tissue activity, especially that of the sinoatrial node, is governed by a beneficial
chaotic behavior. The functioning of nodal cells of the sinoatrial pacemaker is driven
by 2 oscillators; the internal cell oscillator characterized by its own pacing rhythm
(spontaneous self-excitation) and the external control, mostly nervous.

The electrochemical activity of the heart can be explained, at least partly, by
a transport-reaction mechanism. In addition, dynamics and self-organization of
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cellular metabolism and calcium handling can contribute to the chaotic behav-
ior. Self-organization results from spontaneous positive and negative interactions
between system components.

Fractal analysis explores the signal structure; chaos theory examines the organ
dynamics responsible for the signal. The chaotic behavior and fractal complexity
of the time series reflect different response types of the heart to pharmacological
agents. In chronic heart failure, the fractal complexity decreases. The heart chaotic
behavior can be lost by bifurcation toward either order or randomness (arrhythmias),
especially in the nodal conduction path. Both cases represent a loss in adaptibility
to environmental constraints. The ability to adapt is associated with the possibil-
ity to generate and transmit new data. Nonfully predictable behavior enables a
certain freedom of expression. Furthermore, information generation and storage is
defective [26]. A fully random behavior remains meaningless; a regularly periodic
behavior repeats the same information.

In summary, fractal scaling of a branched transport circuit is never a prerequisite.
It can be used for simple description, as a tool that can simplify calculations, but not
for understanding. Furthermore, fractality is usually observed on a limited scaling
range, over which the object of interest obeys Eq. 1.2.

1.6.8 Cardiogenesis

The form, then, of any portion of matter, whether it be
living or dead, and the changes of form which are apparent
in its movements and in its growth, may in all cases alike
be described as due to the action of force.

D’Arcy Thompson W (1860-1948) [31]

Cardiogenesis (Vol. 5 — Chap. 6. Heart Wall) relies on a set of multipotent cardiac
progenitor cells that expand, differentiate, assemble in specific heart compartments,
and shape cardiac 3D structures with functional tasks: (1) the pacemaker and
conduction circuit (nodal tissue) to trigger contraction; (2) the perfusion and
drainage coronary network to feed myocardium and for waste disposal; (3) cardiac
chambers to adapt inlet and outlet pressures and propel blood; and (4) heart valves
to ensure unidirectional flow (Table 1.12).

1.6.9 Early Stages of Cardiogenesis and Chemical Control

The heart is the first organ to form during embryogenesis. Cardiac precursor cells are
detected before gastrulation, the morphogenetic process that leads to the formation
of the 3 germ layers (ecto-, meso-, and endoderm). They localize to the lateral
posterior epiblast (Table 1.13). Embryonic stem cells undertake genetically and
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Table 1.12 Cardiac progenitor cells (Source: [36]; Early cardiogenic
precursors generate several cell lineages (Isll: insulin gene enhancer
islet-1, or Isl homeodomain LIM motif-containing transcription factor;
MyH11: myosin, heavy chain-11, or smooth muscle myosin heavy
chain [smMHC]; NKx2: NK2 transcription factor-related homeobox gene
product, NKx2.5 being a cardiac-specific enhancer; TBx18: T-box tran-
scription factor-18; TnT: troponin-T; WTI: zinc finger Wilms tumor
transcription factor-1]. Early mesoderm-derived cardiac precursors give
rise to progenitors in the first (FHF) and second (SHF) heart fields. The
primary heart field (FHF) arises from the anterior lateral mesoderm and
forms a cardiac crescent in the early embryo. Later in development, these
cells coalesce into the linear heart tube and ultimately give rise to the
left ventricle. Marker Isll defines SHF progenitors that derive from a
cell population in the pharyngeal and splanchnic mesoderm, migrate into
the developing heart, and constitute the right ventricle, outflow tract, and
parts of the inflow tract. Marker WT1 is associated with proepicardial
and epicardial precursor cells, a subset of which differentiates into
atrial, ventricular, and coronary smooth myocytes and cardiac fibroblasts.
Cardiac progenitor cells from FhF and SHF experience a rapidly changing
environment associated with cell migration and changes in the architecture
of the primitive heart, hence temporal and spatial variations of signaling
molecules (BMP, FGF, TGFf, and Wnt) released by neighboring endocar-
dial, endothelial, and other mesoderm-derived cells

Precursor Cell lineages

Isl1+ proepicardial progenitor Isll—, WT1+, TBx18+ epicardial
progenitor

Isl1—, NKx2.5+ FHF progenitor

Isl1+ SHF multipotent Isl1+4, HCN4+ progenitor

progenitor and nodal cardiomyocyte

Isl1+, TnT+ progenitor

and cardiomyocyte

Isl1+, MyH11+ progenitor
and vascular smooth myocyte
Vascular endothelial cell

epigenetically regulated evolution toward reversible specification and irreversible
determination with differentiation into cells of the endo-, myo-, and epicardium.

Commitment, determination, and differentiation of human embryonic stem
cells into a cardiomyogenic lineage require cues from endodermal cells. In other
words, the paracrine cardiogenic control exerted by endodermal cells enables
segregation of cardiac lineages and their maturation. In addition to genetic con-
trol, epigenetic modifications (e.g., DNA methylation, nucleosome positioning,
histone methylation and acetylation state by methylases, demethylases, acetyl-
transferases, and deacetylases) associated with chromatin remodeling participate in
cardiogenesis [32].

bHLHc5+ mesodermal cells originated from embryonic stem cells may be the
common progenitor for the 2 major cardiac lineages that constitute the so-called first
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Table 1.13 Cell fate during cardiogenesis (Source: [32]). A
subset of epiblast cells undergoes epithelial-mesenchymal tran-
sition and transiently forms the mesendoderm (bHLHa26(27):
class-A basic helix-loop-helix protein-26(27) [or HAND2(1):
heart and neural crest derivatives expressed protein-2(1)];
bHLHc5(6): class-C bHLH protein-5(6) [or MesP1(2): meso-
derm posterior-1(2) homolog]; Fox: forkhead box; Gsc: goosec-
oid homeobox gene product; MEF: myocyte enhancer factor;
Nanog: ever young (Gaelic); NKx2: NK2 transcription factor-
related homeobox protein; Oct: octamer-binding protein; Sox:
sex-determining region Y (SRY)-box (SOX) gene product; SRF:
serum response factor; T: brachyury homolog; TBx: T-box tran-
scription factor). Determination of cardiac cell lineages relies on
signaling molecules such as Nodal and bone morphogenetic pro-
teins (BMPs) of the transforming growth factor (TGF) family,
fibroblast growth factors (FGFs), sonic Hedgehog (SHh), and
wingless-type morphogen (Wnt), which cooperate to reprogram
epiblast, mesendoderm, and then mesoderm in heart-forming

region
Cell markers

Phase (programming messengers)

Epiblast Oct4+, Sox2+, Nanog+, T+ cell
(Nodal, Wnt)

Mesendoderm Oct4+, Sox17+, FoxH1+, Gsc+, T+ cell
(Nodal, BMP2, Wnt)

Mesoderm bHLHc5/64, TBx64, SRF+, T+ cell
(BMP2)

Cardiac mesoderm  bHLHa26/27+, GATA4/5/6+4, MEF2c+-,
NKx2.54, TBx5+4 cell
(FGFs, BMP2)

Cardiomyocyte a-Actin+, actinin+, myosin-+ cell
(FGFs, BMPs, SHh, Wnt)

(Isl1—, TBx5+ cardiac lineage) or second (Isl14, TBx1+, AIDH1a2+ (aldehyde
dehydrogenase-1A2), HES1+, FoxH1+ cardiac lineage) heart fields [32]. Segrega-
tion between these 2 pools results from the action of FGF8 factor.

Among developmental messengers, BMP2 is secreted by [32]: (1) visceral
endodermal, extraembryonic mesodermal, and promyocardial cells to signal to
epiblast-derived cells as well as (2) pharyngeal endoderm in contact with the
pharyngeal mesoderm, which creates the second heart field. The crucial balance
between Nodal and BMP2 signaling is regulated by morphogens such as Wnt—f
Ctn axis in the mesendoderm.

The proximal—distal gradient of Nodal enables the segregation of endoderm and
mesoderm as well as that of mesendoderm and cardiac mesoderm. It regulates Oct4
expression. The cardiogenic action of Oct4 involves Sox17, a mesendodermal and
endodermal marker.
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Determination of the cardiac cell phenotype begins when cells move from
the posterior to the anterior region under the influence of instructive factors
secreted by both the visceral embryonic endoderm and pharyngeal endoderm [32].
Among mesodermal cells, prospective endo-, myo-, and epicardial cells express
DNA sequence GATA-binding transcription factors GATA4, GATAS, and GATAG,
heart and neural crest derivatives expressed protein HANDI and HAND2 (or
bHLHa27 and bHLHa26 transcription factors), Wilms tumor protein WT1, and NK2
transcription factor-related homeobox gene product Nkx2-5.

Morphogen Wnt3a may guide the migration of cardiogenic mesodermal cells. It
may operate via mesoderm posterior transcription factor MesP1 (or bHLHcS). The
latter is required for epithelial-to-mesenchymal transition of a subset of epiblast
cells as well as migration of cardiovascular progenitors [32]. Morphogen Wnt2
expressed in the posterior cardiac mesoderm limits the number of VEGFR2+
and hematopoietic cells, but promotes endothelial and cardiac differentiation via
a noncanonical pathway. Both Wnt5a and Wntl1 promote both heart fields in a
signaling-dependent manner at a given time window during cardiogenesis, favoring
the second heart field.

The lateral mesoderm includes progenitors of several cell lineages (hemato-
poietic, endothelial, and smooth, craniofacial, and cardiac myocytes). An early event
segregates the future hemo- and cardiogenic cell populations. An early epiblast
progenitor cell may give rise to both VEGFR2+, Brachyury4+ and VEGFR2—,
Brachyury+ cell populations, under the action of BMP4 secreted by the extraem-
bryonic ectoderm and BMP2 by the visceral endoderm, respectively. The first
mesodermal cell lineage emerging from the most posterior mesodermal region is
the VEGFR2+ cell population in response to BMP4 [32]. VEGFR2"" cells form
blood islands; VEGFR2!°¥ cells reside in a large zone of multipotent mesoderm.

Hemangioblasts are mesodermal progenitor cells committed to blood, endothe-
lial, and smooth muscle cells. A VEGFR2+- lineage re-emerges from a VEGFR2—
cell population and also possibly from the hemangioblast lineage generating the
endocardial cell population. A subpopulation (5-10%) of Brachyury+, VEGFR2—
cells can re-express VEGFR2 and differentiate into cardiomyocytes upon VEGF
stimulation, in addition to endothelial cells, hence generating both myo- and
endocardium [32]. The endocardium can originate from both an Isll— and an
Isl1+ lineage (Isl1: insulin gene enhancer islet-1, i.e., Isl homeodomain LIM motif-
containing transcription factor). In the cardiac crescent, ETS variant ETV2 of
the ETS (E26) family of transcription factors is an NKx2-5 target that serves in
endothelial and endocardial specification.

The first identifiable cardiomyocytes are found in the splanchnic mesoderm in
the cardiac crescent. As the embryo grows, the crescent fuses to build the primitive
heart tube [32]. The primitive heart tube generates the left ventricle, atrioventricular
canal, sinus venosus, and major parts of atria. Looping and elongation of the heart
tube depends on a second source of cardiac progenitor cells (second heart field)
in the pharyngeal mesoderm medially and dorsally to the cardiac crescent. These
FGF8+-, FGF10+ TBx1+4, Isl14 progenitors form the right ventricule and outflow
tract myocardium as well as a minor sleeve of smooth myocytes at the base of large
arteries [32].
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The epicardium is formed by the outgrowth of proepicardial cells in the proepi-
cardial organ that may arise from the transverse septum and migrate toward the
sinus venosus into the pericardial cavity when the heart tube elongates. Epicardium-
derived cells can migrate into the myocardium and differentiate into smooth
myocytes and fibroblasts. They can also give rise to myocardial cells. A WT1+
mesodermal cell population can create NKx2-5+, Isll4 cardiac progenitors.
Signaling by FGF via MAP2K 1 and MAP2K2 is mandatory for the early separation
of the epicardial lineage from the precardiac mesoderm [32]. However, FGF is not
necessary to induce or maintain expression of TBx18 and WT1 epicardial markers.

1.6.10 Cardiac Progenitor Cells and Repair

New cardiomyocytes originate from division of differentiated previously quiescent
cardiomyocytes and differentiation of stem cells. In mammals, enlargement of the
heart during embryo- and fetogenesis relies primarily on cell division. Shortly after
birth, hypertrophy is mainly related to cardiomyocyte growth. In young adults, the
low cardiomyocyte generation rate results from the division of a small proportion
of pre-existing cardiomyocytes (<1%) [33]. The cardiomyocyte turnover declines
with normal aging.

The heart has a limited intrinsic regenerative capacity. However, cell population
regeneration can rise after injury. The minimal renewal of cardiomyocytes in adults
heightens near regions of myocardial injury, but the proportion of involved cardiac
cells reaches only 3%. Pre-existing cardiomyocytes constitute the main source of
cardiomyocyte renewal.

Therefore, boosting the ability of cardiac cell replacement should support
proper damaged heart healing. Regenerative medicine is aimed at augmenting the
amount of functional cardiomyocytes via the transplantation of progenitor cells that
must integrate the myocardium and participate in the controlled electrochemical
signal propagation and coordinated mechanical work (Vol. 5 — Chap. 11. Tissue
Development, Repair, and Remodeling). Administration of stimulants can also be
proposed.

Numerous soluble factors (e.g., neuregulin, periostin, and fibroblast growth
factor) stimulate cell division [34]. In addition, certain microRNAs can stimulate
division of adult cardiomyocytes, but not cardiofibroblasts. Among microRNAs,
204 augment the rate of division of postnatal rat cardiomyocytes and more than
300 suppress division [35]. Among the 204 cell division-stimulating microRNAs,
40 also function in mice.

Among microRNAs, miR119, miR133, and members of the MIR15 family
impede cardiomyocyte proliferation. Exogenous administration of selected microR-
NAs, such as miR590 and miR199a, stimulates cardiomyocyte proliferation [35].
After myocardial infarction in mice, these microRNAs succor cardiac regeneration.

Cardiac stem cells reside in the myocardium. Embryonic epicardial cells pro-
liferate, migrate, and differentiate into cardiac and vascular smooth myocytes,
fibroblasts, and endothelial cells. Epicardial progenitors express TBx18 and WT1
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Table 1.14 Cardiac fields and corresponding cell lineages (Source: [32];
MyL2: cardiac, regulatory, slow myosin light chain-2 [MLC2v]; MyL7:
regulatory myosin light chain-7 [or MLC2a]; OSR1: odd-skipped-related
protein-1)

Precursor cells
Tissue (markers)

Precardiac mesoderm  Common myocardial progenitor
(Isl1+, VEGFR2'°)
Endocardial progenitor
(VEGFR2"igh)
Epicardial progenitor
(WT1+)
First heart field Atriomyocyte (MyL7+)
Atrioventricular cell (TBx2+, TBx3+)
Left ventriculomyocyte (MyL2+-)
Second heart field Right ventriculomyocyte (MyL2+)
Subaortic myocyte (Sema3c—)
Subpulmonary myocyte (Sema3c+)
Atrioventricular cell (TBx2+, TBx3+)
Venous pole cell (Isl1+, OSR1+), which generates
nodal cell (HCN4+),
atriomyocyte (MyL7+), and
sinus horn cell (TBx184)

transcription factors, markers of cardiovascular progenitor cells. Terminally differ-
entiated adult epicardium is quiescent.

However, actin-binding thymosin-p4 is able to induce the migration of
epicardium-derived progenitor cells from the adult heart [37]. Thymosin-p4 that
causes adult epicardial progenitor mobilization is a potent stimulator of coronary
vasculo- and angiogenesis,

WTI1+ proepicardial cells arising from Isll1+4, NKx2.54 progenitors are
cardiomyocyte progenitors that can be used in cardiac regeneration and repair
(Table 1.14) [38].

As are mesenchymal, neural, and cancerous stem cells, cardiac stem cells can be
isolated according to the high expression of aldehyde dehydrogenase (AIDH) [41].
Atrial appendage, AIDH+-, CD34+, PTPRc— stem cells differ from cardiac,

2 The Wilms tumor Wtl gene encodes a transcription factor that is inactivated in a subset of Wilms’
tumors. Alternative splicing, RNA editing, and the use of alternative translation initiation sites
generate multiple isoforms with overlapping and distinct functions during embryo- and fetogenesis
as well as in the maintenance of organ function. Protein WT1 is produced in embryos in many
tissues, such as the urogenital tract, spleen, some brain regions, spinal cord, mesothelia, diaphragm,
limb, proliferating coelomic epithelium, epicardium, and subepicardial mesenchyme [39]. Hypoxia
stimulates WT1 expression in the heart. It is produced in the coronary vasculature after local
ischemia and may support growth of coronary vessels after myocardial infarction. [40].
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multipotent, SCFR+ stem cells. Differentiated cells produce the most important
cardiac-specific gene products and have an electrophysiological behavior similar to
that of adult cardiomyocytes.

Reprogramming of adult human fibroblasts to a cardiomyocyte requires to
determining the optimal combination of factors that are necessary and sufficient to
force expression of cardiac transcription factors and/or muscle-specific microRNAs.
Four human cardiac transcription factors, GATA4, HAND?2, myocardin, and TBx5,
as well as 2 microRNAs, miR1 and miR133, activate cardiac marker expression in
neonatal and adult human fibroblasts [42].

1.7 Vasculature

The vasculature is characterized by 3 properties: diversity, complexity, or rather
intricacy in the restricted sense of its architecture,’® and variability. Diversity means
a large between-subject variability in vessel origin, shape, path, and branching.
Because the flow dynamics strongly depend on vessel configuration, subject-specific
models are required for improved diagnosis and treatment. The variability results
from environmental actions and responses.

1.7.1 Systemic and Pulmonary Circulation

The cardiac pump distributes blood to the body’s organs and perfuse all constitutive
tissues of the organs. Blood is propelled under high pressure, which is greater in the
systemic circulation than in the pulmonary circulation.

26Complexity is a term reserved in this book series for characterizing a behavior of a system
composed of many constituent parts in intricate arrangement. The behavior that emerges from
a collection of interacting components (i.e., that cannot be reduced to the sum of the contributions
of the system’s component) is endowed by a set of features, such as adaptivity to environmental
(chemical, physical, and mechanical) stimuli and nonlinear interaction with positive and negative
feedback, whatever the length scale of the object of interest (i.e., a signaling cascade [Vol. 3
— Chap. 1. Signal Transduction], a cell with its self-organization and -reproduction [Vol. 1 —
Chap. 4. Cell Structure and Function], or a physiological apparatus). Complex adaptive systems
are complex as their behavior results from dynamical interactions rather than simple summation of
relations between entities and adaptive as the individual and collective behavior self-organize when
experiencing any event. A complex adaptive system has some or all of the following attributes: the
relations between the constituent parts as well as between the system and its environment are
nonlinear; it is subjected to feedback; it can adapt to its environment; and it may be sensitive to
initial conditions. On the other hand, a complicated system is characterized by linear interactions
between its components. When the word “complexity” is related to a structure and architecture
as well as even a mechanism (without reference to the properties of a complex system), the noun
“intricacy” is used, not as a synonym of subtlety, but with the meaning of “very complicated”
(intricate).
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The right and left hearts, with their serial chambers, play the role of a lock
between low-pressure venous and high-pressure arterial circulation. The atrioven-
tricular coupling sets the ventricle for filling and pressure adaptation, and the
ventriculoarterial coupling for ejection.

1.7.2 Blood Circuit

Deoxygenated blood from upper body regions (head, neck, superior limbs, and
upper part of the thorax) and from the lower body regions (inferior limbs, and
lower torso [lower chest, abdomen, and pelvis]) is brought to the right atrium by
the superior (SVC) and inferior (IVC) vena cava.

When the pulmonary valve is open, the right ventricle ejects blood into the
pulmonary artery. Pulmonary veins carry oxygen-rich blood from the lungs to the
left atrium. The aorta receives blood ejected from the left ventricle.

The aorta generates a set of arteries that themselves divide to give rise to arterial
beds with arteries of decreasing size, arterioles, and capillaries that deliver nutrients
to tissues. Blood is collected through merging capillaries, which remove catabolites,
venules, and small veins. It returns to the heart through the veins under low pressures
(Fig. 1.13). Large blood vessels of the upper part of the mediastinum, efferent from
and afferent to the heart, are displayed in Figs. 1.14 and 1.15.

1.7.3 Blood Compartments

Each blood circuit in the systemic and pulmonary circulation is composed of 3 main
compartments: arterial, capillary, and venous. The arterial tree can be split into
a distribution compartment, which includes arteries irrigating main body regions,
and a perfusion compartment, which is composed of smaller arteries irrigating
tissues.

The main architectural features of the arterial tree are: (1) taper and continuously
varying curvature; (2) branchings with a between-branch length of a few vessel
radii, and (3) bifurcations after giving birth to 5 to 10 branches. Branching and
bifurcations are characterized by their anatomical (branching angles, wall curvature,
apex morphology, and area ratio) and functional features such as the flow division
ratio that, at least partly, depends on downstream impedances.

The venous collector can also be subdivided into serial compartments. The vas-
cular networks constitute a closed, tortuous, multigeneration circuit of deformable
vessels, more or less short, that divide (arteries) and then merge (mainly veins).
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Fig. 1.13 Schematic drawing of the large vein system. The left (LIV) and right (RIV) innominate
veins, formed by the junction of the internal jugular (IJV) and subclavian (sCV) veins, unite to
form the superior vena cava (SVC). The azygos vein (AzV) enters and ascends in the thorax to
finally arch and end in the superior vena cava. Most of the cardiac veins end in the coronary sinus,
which goes to the right atrium (RA). The common iliac veins (CIV), formed by the union of the
external iliac and hypogastric veins, unite to form the inferior vena cava (IVC). The inferior vena
cava receives the renal (RV), suprarenal, inferior phrenic, and hepatic veins. The portal vein (PV)
is formed by the junction of the superior mesenteric (SMV) and splenic (SV) veins, which receives
the inferior mesenteric vein (IMV)

Table 1.15 Vessel geometry. Approximate magnitude (mm) of caliber d and wall thickness / for
different vessel compartments

Vessel Aorta Artery Arteriole Capillary Venule Vein Vena cava
d 10-25 3-5 0.30-0.01 0.008 0.01-0.30 5 30
h 2 1 0.02 0.001 0.002 0.5 1.5

1.7.4 Local Geometry and Blood Flow

Blood flows depend on vascular architecture and local geometry, i.e., curvature
with possible taper and prints of neighboring organs between branching points
and branching features (branching angles, hip and apex curvatures, area ratios,
and vessel bores and lengths). The order of magnitude in vessel sizes is given in
Table 1.15.
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Fig. 1.14 Scheme of large blood vessels of the upper thorax with the airways (coronal view,
usual configuration). RA, LA: right and left atria; Ao: aorta (ascending aorta, arch of aorta, and
descending aorta); BCT: arterial brachiocephalic trunk; RSCA: right subclavian artery; RCCA,
LCCA: right and left common carotid arteries; PT: pulmonary trunk; RPA, LPA: right and left
pulmonary arteries; SVC: superior vena cava; RBCVT, LBCVT: right and left brachiocephalic
trunks; RSCV, LSCV: right and left subclavian veins; RIJV, LIJV: right and left internal jugular
veins; T: trachea; RMB, LMB: right and left main bronchi; RR, L Rec: right and left recurrent
nerves; R®, LON: right and left phrenic nerves; X: vagus nerves

Fig. 1.15 Scheme of large blood vessels of the upper mediastinum (transverse plane). Thoracic
(dorsal) vertebra 4 (T4) level. LL, RL, left and right lung parenchymae; Card N: cardiac nerve;
R®, LON: right and left phrenic nerves; LXN, RXN: left and right vagus nerves; E: esophagus;
T: trachea; BCAT: brachiocephalic arterial trunk; LCC: left common carotid artery; LSCA: left
subclavian artery; SVC: superior vena cava; Az: azygos vein
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Fig. 1.16 (Left) Magnetic resonance image of the Willis circle in a healthy female volunteer.
The arteries are characterized by huge curvature and branching. This anastomotic network has
various anatomic variations among individuals (frequent absence in communicating arteries,
branching variability). (Right) Schematic drawing of the cerebral artery network. The internal
carotid artery (ICA) gives birth to the middle cerebral (MCA or sylvian artery) and anterior cerebral
(ACA) arteries. The anterior communicating artery (ACoA) connects the 2 ACAs. The posterior
communicating artery (PCoA) anastomoses ICA with the posterior cerebral arteries (PCA), the
terminal branch of the basilar trunk (TB). The basillaris is formed by the union of the right and left
vertebralis, largest branches of the subclavian arteries (the arteries merge rather than branch off)

1.7.5 Particular Structures

The vasculature contains some peculiar structures. Arteriovenous anastomoses are
found in the skin and gut; mural smooth muscles usually close such bypasses.

Arterial anastomoses are frequently observed between the head arteries, in
particular between the branches of internal (ICA) and external (ECA) carotid
arteries, as well as between the branches of ICA and those of the basilar trunk (an
example of artery merger)>’ to form the Willis circle under the cerebral hemispheres
(Fig. 1.16).8

In the brain, arterial and venous distributions are separate, whereas in other
body regions, arteries and veins run together with nerves in a connective sheath
as neurovascular bundles.

Portal drainage delivers venous blood directly from a capillary basin to another
capillary bed through veins. Portal drainage includes the hepatic and hypophyseal
portal system, i.e., blood supply to the liver and pituitary gland from other organs,
such as the digestive tract for the hepatic portal system (Fig. 1.17).

2TThe vertebral arteries merge to give birth to the larger basilar trunk.

28The large arteries supplying the brain are the carotid and vertebral arteries, leading to the network
of pial arteries on the surface of the brain. On the cerebral cortex, the arteries branch into smaller
penetrating arteries, which enter the brain.
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Fig. 1.17 Schematic drawing
of the portal system and its
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Sinusoids act on sensors such as the carotid body, also named the carotid glomus
and glomus caroticum. The carotid body detects changes in the composition of
arterial blood flowing through it, mainly the partial pressure of oxygen, but also
that of carbon dioxide as well as changes in pH and temperature.

Venous sinuses are endothelium-lined spaces in connective tissue where blood is
collected (e.g., coronary and dural sinuses and erectile tissue).

Vasa vasorum constitute a microvascular circuit in the adventitia of large blood
vessels. These vessels supply oxygen and nutrients to the outer wall region, which
is not close to the vessel lumen crossed by blood. However, in the arterial wall,
expansion of the vasa vasorum is correlated to progression of atherosclerosis [43].

1.7.6 Microcirculation and Macrocirculation

Different bore (d) values of blood vessels are used in the literature to define the limit
beween macro- and microcirculation: 500, 300, or 250 pwm. Microcirculation starts
with arterioles (10 < d < 250 um) and ends with venules. Local microvascular
networks have been observed using suitable microscopy?’ in thin tissues, such as
the mesentery, the cremaster, etc.

The capillary network is interposed between small arterioles and small venules.
Capillaries have the thinnest wall suitable for molecule transfer. In particular,
capillaries in the lung parenchyma are closed to the alveolar wall for efficient gas
exchanges.

The alveolocapillary membrane, or blood—air barrier, is a double wall (thickness
200 nm-2 pm) formed, at its thinnest part, by: (1) the endothelial glycocalyx; (2) the

A fibered confocal fluorescence microscopy system dedicated to imaging at the microscopic
level, with non or minimally invasive access, has been developed by Mauna Kea Technologies
(www.maunakeatech.com), in particular for microvascular research.
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Fig. 1.18 Capillary network interposed between a small irrigation arteriole and a small drainage
venule, with an arterioloveinular anastomosis (shunt) and precapillary sphincters

extranuclear part of the continuous capillary endothelium; (3) a fused basement
membrane (from those of alveolar epithelium and capillary endothelium); (4) the
extranuclear part of the alveolar wall (type-1 and -2 pneumocytes); and (5) a liquid
film with surfactant in the alveolar space that lines pneumocytes. Surfactant reduces
the surface tension and adapt this tension to the lung volume (Vol. 5 — Chap. 13.
Surfactant). The alveolocapillary membrane is permeable to gases (oxygen, carbon
dioxide, carbon monoxide, etc.). The alveolar wall is a major barrier to diffusion
of small solutes and water. On the other hand, paracrine agents released by the
endothelium participate in the control of pulmonary vessel tone and permeability as
well as of the conductance to O, flux from the alveolus to its uptake by hemoglobin.

A given edge of the pulmonary capillary in the interalveolar septum is related to
a given alveolus, the opposite edge to the adjoining alveolus. In connecting parts of
the interalveolar septa, the capillary can even be implicated in gas exchanges with
more than 2 neighboring alveoli. Flow in the alveolar septum can then be modeled
by sheet flow.

A sketch of the microvasculature shows the afferent arteriole and efferent venule
with possible arteriolovenular anastomosis (Fig. 1.18).3° The arteriole gives birth
either to metarterioles or directly to capillaries [44]. The entrance segment of the
capillary has a precapillary sphincter, which regulates local flow distribution. In
some territories, 40-50% of the total blood volume is contained in the microcir-
culation, the main part being either in the capillaries (heart and lungs) or venules
(mesentery) [45].

Taking into account the estimated number of vessels per vascular compartment,
the cumulated cross-sectional area is the highest and blood velocity the lowest in the
capillaries, the blood—tissue exchange zone. The ratio between the wall thickness
and lumen caliber, as well as the resistance are the greatest in the arterioles.

30 Arteriovenous shunts connect small arterioles and venules.
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1.7.7 Adaptation

The vasculature adapts to physiological and pathological situations. The uterine
arteries increase in bore during pregnancy and return to their original size after
birth (reversible remodeling). Cardiac output and stroke volume also increase during
pregnancy. Hypertrophic and hypotrophic remodeling of the uterine arteries during
and after pregnancy is controlled by different substances, such as the angiotensin-
converting enzyme (Chap. 3) [46].

1.7.8 Fractal Vasculature

Every cell resides close to a blood vessel (~100pm) to be adequately supplied in
oxygen and nutrients. The capillary length was assessed to equal about 600 pm [47]
and the capillary density to equal about 250/mm? [48]. The number of vessels
observed in the field of view of a microscope increases by a given factor when
magnification increases. Fractal analysis enables assessment of the architecture of
some compartments of the vasculature.

However, the self-organized vascular circuit is not strictly a self-similar branch-
ing network. At each bifurcation, the radii of the trunk (R,) and larger (Rp;) and
smaller (Rj;) branch fulfill the bifurcation law, or branching relation:

R =R+ Rl or dl=dl +d?

hp) hpy?

(1.5)

where d, , dn,,, and dp,, are hydraulic diameters of the trunk (parent [generation i])
and branch (child or daughter [generation i + 1]) vessels, respectively, and p the
bifurcation exponent that specifies the design and head loss, the energy dissipation
being minimized. At the network level, the design indices ({D; }%Zl) give the
power-law relation between the number of generation i conduits and the hydraulic
diameter (dy,) and length (L) [49]:

N; = (dn, /dn)"P',  Li = Lo(dn;/dny)"2, (1.6)

where dp, and L are the hydraulic diameter and length of the tree inlet tube.
Branching (R;) and length (Ry) ratios of a branching network are given by

N; L;
Ry = ——. Rp=-—"" (1.7)
Nit1 L;

The caliber ratio (R,) and caliber asymmetry ratio (y,) are defined as

Ra = dn,/dvy,  Ya = dny,/dny, - (1.8)
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The relative change of vessel bore and length from a given generation to the next
is nearly constant for numerous vascular circuits (Horton law):

di+ Lit1
— =k, — =k. 1.9
d L (1.9)

Thus vessel length and bore are fractal quantities if vessel generation represents a
geometrical or functional scale. The vessel scale can be defined as the volume of
tissue supplied by a given artery or drained by a given vein:

Li.d; =logV. (1.10)

Regional blood flows in organs and tissues are heterogeneous. A power-law
function of scale has been shown to govern organ perfusion®' heterogeneities
resulting from scale-independent branching asymmetries,’”> hence difference in
tissue volume fed by each branch, and vessel resistance assumed to be a fractal [50].
The degree of perfusion heterogeneity is commonly quantified by measuring relative
dispersion (RD; or coefficient of variation), which is defined as the standard
deviation of perfusion measurements in local volumes of given size divided by the
average of these measurements (RD = standard deviation/mean of regional flows).
The RD drop with augmented mass (m2) of volume elements can be described by a
power-law function [50]:

RD(m) = m” RD(1), (1.11)

where the exponent p is the scale-independent slope of the RD—m graph on a log—
log plot. The exponent p was related to the fractal dimension (D ¢):

p=1-Dy. (1.12)

It is also related to the correlation coefficient (C) between neighboring perfusion
measurements P; and Ps:

< (Pi1— < P, >)(P,— < Py, >) >
<(Pi— < P >)2>< (Py— < Py >)2>"

p=log(C+1), C= (1.13)

The magnitude of spatial heterogeneity characterized by the relative dispersion
depends on the length scale,, i.e., on sample size. The relative dispersion of the
spatial distribution of flows for a given spatial resolution is given by [53]:

31Perfusion is the amount of blood delivered to a unit mass of tissue per unit time.

32Branching asymmetry (yy) is defined as yy = V;/(Vi + V), where V| and V, are tissue
volumes fed by daughter branches of a given vessel, with 1} < V; (ie,,0 < yy < 0.5). For
symmetric branching, yy = 0.5.
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174 1-Dy
, RD(V):RD(V,ef)V—f L (114)
re

1-D ¢
RD(m) = RD(mye)——
re

Mref

where m is the mass of tissue sample (in gram), m,.¢ is chosen to be 1g, V' is the
volume of tissue samples, and V;.r is an arbitrarily chosen reference volume. The
relative dispersion exhibits self-similarity upon scaling with respect to the sample
size. Equation 1.14 represents a fractal relation, the parameter Dz, a global measure
of heterogeneity, being a fractal dimension (D = 1.0 indicates uniform blood
distribution among organ territories and Dy = 1.5 spatial randomness). In the
heart, D y ~1.2[53]. In amodel that assumed equal terminal flows in normal hearts,
the fractal dimension of perfusion heterogeneities ranged from 1.20 to 1.40 [54].

The vessel resistance power law is based on the hypothesis that both vessel bore
and length individually follow the power law as a function of volume scale with
respective scaling s; and sy :

d(V) oc V¥ L(V) o< V¢, therefore, L o< d*t/%, (1.15)

where the exponent s /s, is experimentally estimated to equal 3/4, the resistance to
flow of a given vessel being proportional to its length and inversely proportional to
its caliber.

The vasomotor tone was assumed to have a chaotic dynamics due to the inter-
action of 2 calcium oscillators [26]. The fast oscillator is related to voltage-gated
calcium channels and the slow oscillator to calcium-induced calcium release. This
chaotic behavior is counteracted by nitric oxide and various vasodilators; conversely,
it can result from a sustained reduced perfusion pressure. In the compartment of
resistive vessels (small arteries and arterioles), the chaotic behavior was supposed
to be regulated by the sympathetic nervous system.

The retinal microvasculature was categorized into 3 ranges of fractal dimension
([1.323-1.427], i.e., sparser microvascular branching pattern [1.428-1.457], i.e.,
moderately complicated branching pattern, and [1.458-1.506], i.e., denser branch-
ing patterns). The higher or the lower the fractal dimension (i.e., suboptimal retinal
vascular branching pattern), the stronger the risk of coronary heart disease is [51].

Narrowings (stenoses) or expansions (aneurysms) of the vascular lumen gener-
ates abnormal flow patterns. Chaotic convection of particles implies dependence
on the initial conditions. Any 2 initially close particles (at a small distance
[do]) exponentially deviate from each other (d(t) = dyexp{Ait}), where A is
the Lyapunov exponent, a measure of the average rate of the exponential path
divergence, which occurs along specific curves (unstable foliation, or unstable
manifold). Chaotic particle transport causes high stretching and filamentary fractal
structures [52]. Platelets can be activated by high shear, e.g., by stretching bonds
between the von Willebrand factor and platelet. On the other hand, deposition is
associated with stagnant flow regions, i.e., with higher residence time; in these
regions, the Lyapunov exponent has lower values.
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However, a fractal approach, which may explain some patterns, does not
contribute to the knowledge of biological mechanisms responsible for organogen-
esis and functioning of the physiological apparatus. During embryonic and fetal
angiogenesis, blood vessels do not follow a fractal branching pattern [55]. Genetic
and mechanical factors such as wall stress field are involved in vascular wall
development (Vol. 5 — Chap. 10. Vasculature Growth). Among various isoforms
of vascular endothelial growth factor (Vols. 2 — Chap. 3. Growth Factors and 3
— Chap. 8. Receptor Protein Kinases), such as VEGFaj;; and VEGFa,¢5), and
placental growth factor (PIGF1 and PIGF2), VEGF homo- and heterodimers and
VEGFa,,;—PIGF1 heterodimers increase vascular intricacy, whereas PIGF1 and
PIGF2 are not effective [56].

In adult life, nonfractal branching appears also to be the rule, for example, in
arteries branching off the aorta. Moreover, arterial anastomoses and interconnected
venous circuits yield situations that cannot be modeled by a fractal approach. The
vasculature with its finite number of bifurcations is not self-similar throughout the
entire network. In particular, the diameter relations vary from large vessels, where
area-preserving branching is assumed, to smaller vessels, where cubic branching is
postulated [55].

1.7.9 Circulatory Networks

Some circulatory networks are used as illustrations because they are frequently
targeted by wall diseases (atheroma, aneurysms, and varicose veins; Vol. 7 —
Chap. 2. Vascular Diseases): the aorta and its main branches (Table 1.16); the carotid
arteries and their main branches; the cerebral venous circuit; the vein network of the
lower limbs; and the portal venous circuit.

1.7.9.1 Aorta

On the anatomy point of view, the aorta is the trunk of the systemic circulation that
is directly connected to the left ventricle. It distributes blood to the body’s organs via
multiple branches. On the fluid mechanics point of view, the aorta is the upstream
artery of the systemic circulation that comprises 3 main segments in the thoracic
and abdominal cavities: a short entrance segment, the ascending aorta, a large bend,
the aortic arch, and a long thoracoabdominal segment, the descending aorta.

Blood Convector
A unidirectional blood jet (peak velocity 1.35 & 0.35 m/s [16]) originates from the

left ventricle into the ascending aorta through the tricuspid (3-cusp) aortic valve
during the systolic ejection phase of the cardiac cycle. When the aortic valve
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Table 1.16 Large thoracic vessels (Source: [3])

Artery Origin and branches
Aorta
Ascending segment Originates from left ventricle
Generates left and right coronary arteries
Aortic sinus (sinus of Valsalva)
3 sinuses: (left and right posterior and anterior)
The left posterior and anterior aortic sinus give rise
to the left and right coronary artery, respectively
Noncoronary right posterior aortic sinus
Arch Brachiocephalic trunk that splits into
right common carotid and subclavian arteries
Left common carotid artery
Left subclavian artery
Descending thoracic ~ Visceral branches (bronchial, esophageal,
mediastinal, pericardial)
. Parietal branches (intercostal, subcostal, superior phrenic)
Common carotid Bifurcates into internal and external carotid arteries

artery Site of carotid body (chemoreceptor)
Internal branch has the carotid sinus (baroreceptor)
Subclavian artery Generates numerous branches, especially vertebral artery

that merges with its homologous into the basilar trunk
(arterial junction)
Continuous with the axillary artery

is closed, blood flows backwardly toward the aortic valve, thereby irrigating the
coronary arteries during the diastole (perfusion function). The axes of the left
and right coronary arteries correspond roughly to the open ends of the left and
right leaflets of the aortic valve, the posterior cusp of the aortic valve being the
noncoronary leaflet. In addition, the aorta transforms the starting—stopping flow at
its entry into a pulsatile flow because of its compliance that enables blood storage
during the systole and restitution during the following diastole (buffer function).
The aortic wall distend at each systole, storing energy that is liberated during the
diastole with the elastic recoil.

Due to its strong nonplanar curvature and the branching set leading to large
intrathoracic arteries, time-dependent flow structure is complicated. The distribution
of wall shear stress at the top of the aortic arch is characterized by great spatial and
temporal variations [57].

Aortic Size and Path

The aorta starts at the upper right corner of the left ventricle (bore 25-30 mm). After
ascending for a short distance, it arches backward and to the left, over the main
left bronchus (with a possible print). The aortic arch has a variable configuration
according to the subject, especially children (Fig. 1.19). It then descends within
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Fig. 1.19 Possible configurations of the aorta arch with its 3 major branches (in most subjects).
(Top right) Set of radiographies. (Bottom left) Mesh of usual shape modeled by a regular circular
curvature. (Bottom mid-panel) Mesh of aortic arch with a straight segment. (Bottom right) Mesh
of an angular aortic arch (from M.S. Miette and J. Pichon)

the thorax (bore ~25mm) on the left side of the vertebral column. It crosses
the abdominal cavity (bore 18—20 mm) and ends (bore ~10 mm) by dividing into
the right and left common iliac arteries at the lower border of the fourth lumbar
vertebra (L4).

The ascending aorta (length ~5 cm) goes obliquely upward, forward, and to the
right. Its entrance segment presents 3 mild dilations, the aortic sinuses (Valsalva
sinuses), which are bounded by the sinotubular junction. The ascending aorta is
contained within the pericardium, together with the pulmonary artery. Its branches
are the 2 coronary arteries.

The aorta arch runs at first upward (height 25-40 mm), backward, and to the left
in front of the trachea, then directs backward on the left side of the trachea, and
finally passes downward at the lower border of the fourth thoracic vertebra (T4).

The descending thoracic aorta localizes to the posterior mediastinum. It ends in
front of the lower border of the twelfth thoracic vertebra (T12). It approaches the
median line as it descends to be directly in front of the column at its termination.
The curved descending aorta has a small tapered shape, as the branches given off
are small (Fig. 1.20).
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Fig. 1.20 Aorta branchings. The aortic arch downstream from the branching of the brachio-
cephalic trunk in the calf. A longitudinal incision of the aorta wall, from the dowstream end up
to the arterial ligament, exhibits ostia of small branches, such as intercostal arteries

Anatomical Relations

The aorta is in contact with nerves, the left phrenic, the lower of the superior cardiac
branches of the left vagus, the superior cardiac branch of the left sympathetic, the
trunk of the left vagus, and its recurrent branch (Fig. 1.14).

Below are the bifurcation of the pulmonary artery, the ligamentum arteriosum
(Fig. 1.21), which connects the left pulmonary artery to the aortic arch, the left
bronchus, and the superficial part of the cardiac plexus.

The descending aorta is in relation to the esophagus and its plexus of nerves, with
the hemiazygos veins, azygos vein, thoracic duct, heart, and lungs.

33

Aortic Branches

The arch gives birth to the brachiocephalic trunk, or innominate (IA), and the left
common carotid (LCCA) and left subclavian (LSCA) arteries (Fig. 1.22).

These branches can start from the ascending aorta. In addition, LCCA can arise
from the brachiocephalic artery. The left carotid and subclavian arteries can arise
from a left brachiocephalic trunk. Conversely, the right carotid and subclavian
arteries can branch off directly from the aorta (huge between-subject anatomy
variability). In a few cases, the vertebral arteries originate from the arch. The
bronchial, thyroid, and internal mammary can also come from the aorta arch.

33The ligamentum arteriosum corresponds to the remains of the fetal ductus arteriosus.
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Fig. 1.21 Aorta branching
and ligamentum arteriosum: a
small side branch (upper right
edge) and the closed entry of
the large fetal ductus
arteriosus (opposite edge).
The wall thickness is not
uniform, due to wall
remodeling in this
three-month old calf by flow
stresses, according to the
nonplanar strong curvature of
the aortic arch, using the
locus of the ligamentum
arteriosum as a landmark

Fig. 1.22 Schematic drawing
of the aorta and its main
branches. The aorta ascends
(Asc Ao) and forms a huge
bend, the aorta arch, directed
to the left side of the trachea
to step over the left main
bronchus and then downward,
becoming the descending
aorta (Desc Ao)

49




50 1 Anatomy of the Cardiovascular Apparatus

Fig. 1.23 Aorta branchings.
The brachiocephalic trunk
entry with its curved smooth
carina. The slice shape of
isolated arteries does not
depict the in vivo
configuration due to different
loadings

The brachiocephalic trunk, the arch’s widest branch (length 4-5 cm; Fig. 1.23)
ascends obliquely upward, backward, and to the right, and divides into the right
common carotid (RCCA) and right subclavian (RSCA) arteries.

The descending aorta gives birth to the costocervical, internal mammary, inter-
costal (IcA), bronchial (BrA), pericardiacophrenic, mediastinal, esophageal, and
epigastric arteries (Fig. 1.22).

The abdominal aorta begins at the aortic hiatus of the diaphragm, diminishes
rapidly in size, and gives off many branches (Fig. 1.22). (1) The unpaired branches
encompass the celiac artery, which quickly gives birth to 3 branches, the left gastric
(LGA), hepatic (HA), and splenic (SA) arteries; the superior (SMA) and inferior
(IMA) mesenteric; and middle sacral arteries. (2) The paired branches include on
the one hand visceral arteries such as suprarenal, or adrenal (AdA), renal (RA),
internal spermatic/ovarian (or genital or gonadal; GA), and, on the other, parietal
arteries, such as the inferior phrenic and lumbar (LA) arteries. The aorta finally
divides into the 2 common left and right iliac arteries, which divide into the internal
(ITA) and external (EIA) branches.

Structure

The aortic wall comprises 3 layers (Vol. 5 — Chap. 7. Vessel Wall). The intima is
composed of a thin layer of endothelial cells and a subendothelial connective tissue.
It is limited by the internal elastic lamina. The media of the aorta is much thicker
than that of other arteries. It is composed of several layers of smooth myocytes
immersed in the extracellular matrix separated by lamellae of elastic fibers. It is
bounded by the external elastic lamina. The adventitia is made of connective tissue
crossed by vasa vasorum and nervi vascularis.

A pressure gradient exists between the aortic lumen and the adventitia. This
transmural pressure gradient generates a outwardly radial water flux inside the
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arterial wall. The hydraulic conductance from the lumen to the adventitia enables
transfer of substances that can be retained and processed during their intramural
travel.

The intramural mass transfer depends on: (1) permeabilities of the glycocalyx,
endothelium, basement membrane, and elastic lamellae; (2) transport properties
of the constitutive parietal tissues made of composite poroviscoelastic material;
and (3) physicochemical features of moving molecules (mass, charge, hydrophilic
properties, affinity for wall components).

Deposition of carried particles can result from: (1) defective washing of blood
flow that enables glycocalyx crossing and motion across the intima; (2) increased
radial mass transport; and (3) impaired flux out of the adventitia.

Thoracic and Abdominal Aorta

The aorta is a large elastic artery with distinct thoracic and abdominal segments.
Heterogeneity between the thoracic and abdominal aorta has developmental origin,
as these segments are associated with neural crest cell precursors and mesodermal
ancestors, respectively.

In addition, thoracic and abdominal aortic segments differ according to the wall
architecture and composition. The thoracic aorta media contains 55 to 60 medial
lamellar units (concentric bands of elastin filaments and smooth myocytes associ-
ated with collagen fibers) that constitute outer vascular and inner avascular (28-30
inner lamellar units close to aorta lumen) zones. The abdominal aortic media is
constituted of 28 to 32 units [58]. Media growth after birth is provided by the
production of additional lamellar units in the thoracic aorta, whereas lamellar units
of the abdominal aorta widen.

Moreover, elastin and collagen content are smaller in the abdominal aorta than
in the thoracic aorta. The thoracic aorta then has a greater distensibility than the
abdominal aorta.

1.7.9.2 Carotid artery

Blood is supplied to the brain via: (1) 4 main arteries, 2 internal carotid and
2 vertebral arteries and (2) more or less numerous anastomosis according to the
subject between the deep and superficial perfusion networks.

The common carotid artery (CCA) bifurcates into the internal (ICA) and external
(ECA) carotid arteries. The internal carotid artery supplies the cranial and orbital
cavities and the external carotid artery irrigates the exterior of the head, face, and
neck.

At the carotid bifurcation, the wall of the carotid sinus has receptor cells
innervated by the glossopharyngeal nerve. The carotid glomus lies behind the
common carotid bifurcation.
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Fig. 1.24 (Top left) Carotid arteries and its main branches. (Top right) zoom of a quadrangle
surface mesh of the carotid bifurcation suitable for fluid-structure interaction computations using
MIT shell element. (Bottom) 3DR reconstruction and facetization of the regional artery network

Branches of the external carotid artery can be divided into: (1) anterior (superior
thyroid [SThA], lingual [LiA], and facial [FaA] arteries); (2) posterior (occipital
[OcA] and posterior auricular [PAuA] arteries); (3) ascending (ascending pharyn-
geal [APhA]); and (4) terminal (superficial temporal [STeA] and maxillary [MaA])
arteries (Fig. 1.24).

The internal carotid artery can be decomposed into 7 successive segments in the
streamwise direction: cervical (C1), petrous (C2), lacerum (C3), cavernous (C4),
clinoid (C5), ophthalmic (C6), and communicating (C7) [60].
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Fig. 1.25 Anatomic variations of the carotid bifurcation [59] (with permission)

1.7.9.3 Cerebral Veins

The cerebral drainage and perfusion circuits use different paths. The cerebral
venous network encompasses 2 major circuits [61]: (1) the superficial circuit with
large dural veins and sinuses fed by cortical veins and (2) the deep circuit with
subependymal, internal cerebral, basal, and great cerebral vein of Galen.

The superficial cerebral venous network drains blood mainly from the cerebral
cortex and subcortical white matter; the deep cerebral venous network collects the
deep white and gray matter nuclei near the lateral and third ventricles and the basal
cistern.

Dural venous sinuses, a.k.a. dural, cerebral, or cranial sinuses, are low-pressure
venous ducts. They localize between the periosteal and meningeal layers of the dura
mater, or dura, that is the outermost of the 3 layers of the meninges surrounding the
brain.

Superficial cerebral veins return venous blood to the superior (SSS) and inferior
(ISS) sagittal sinuses. The superior sagittal sinus runs along the midline below
the skull in the dura mater at the superior margin of the falx cerebri to reach
the confluence of sinuses (Fig. 1.26). Along its path, it receives tributaries, the
superficial cortical veins; its caliber then increases. The inferior sagittal sinus
courses in the falx cerebri, like its superior counterpart, but along the inferior margin
of the falx cerebri, just above the corpus callosum. It empties into the straight sinus,
or sinus rectus, at the intersection of the tentorium cerebelli and falx cerebri, at
the merging point with the great cerebral vein of Galen. The straight sinus thus
drains the deep cerebral venous blood via the vein of Galen as well as the superficial
cerebral venous blood via the inferior sagittal sinus.

At the occipital pole, the superior sagittal, straight, and occipital sinuses
empty into the confluence of sinuses (CS), a.k.a. confluens sinuum and torcular
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Fig. 1.26 Brain venous network of the dura. The confluence of sinuses (CS) is the connecting
point of the superior sagittal sinus (SSS), straight sinus (SS), and occipital sinus (OS). It drains in
the left and right transverse sinuses (TS), sigmoid sinus (SS), and then internal jugular veins. The
great cerebral vein (vena magna cerebri), or vein of Galen (VG), formed by the merging of left and
right internal cerebral and basilar veins, drains in the straight sinus

Herophili,34 that form 2 transverse sinuses (TS). At each side, the transverse and
superior petrosal sinuses, the latter receiving blood from the cerebellum, pons, and
rostral medulla, drain into the sigmoid sinus (SS).

The lateral transverse sinus (bore 8—10 mm) drains the superior sagittal sinus.
It can collect the superior sagittal sinus in totality in some cases, mostly on the
right side, whereas the other can drain into the straight sinus that becomes the left
transverse sinus. The transverse sinus can be atretic or even absent on one side.

In addition to the transverse sinus, the sigmoid sinus drains the posterior fossa,
as it receives the superior and inferior petrosal sinuses and veins draining the lateral
pons and medulla oblongata. The sigmoid sinus has frequent anastomoses with the
cutaneous venous network through the mastoid emissary vein.

On both sides and at the base of the brain, the inferior petrosal sinus and the
sigmoid sinus join to form the internal jugular vein. The left and right internal
jugular veins collect blood from the brain and the superficial regions of the face
and neck. At the root of the neck, it unites with the subclavian vein to form the
brachiocephalic vein (innominate vein).

Another network of dural sinuses that collects blood includes the cavernous
(or lateral sellar compartment), superior and inferior petrosal, and sphenoparietal
sinuses. The cavernous sinus, which may be joined by several anastomoses across
the midline, collects orbital venous blood from the superior and inferior ophthalmic

34Named after the Greek physician Hp o@u\d¢ (Latinized Herophilus [335-280 BC]).
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veins, anterior middle cranial fossa blood via the superior and inferior middle
cerebral veins, and blood from the spheno-orbital sinus. From the cavernous sinus,
blood flows in the superior petrosal sinus.

Deep sinuses are also interconnected to the basilar venous plexus and the
intercavernous sinus. The superior anastomotic vein, or vein of Trolard, is the largest
anastomotic cortical vein, which runs to the superior sagittal sinus. The inferior
anastomotic vein, or vein of Labbé, together with temporal occipital veins, drains
blood from the lateral temporo-occipital cortex and empties into the transverse
sinus. The vein of Labbé occasionally drains a part of blood from inferiolateral
frontal lobes. Typically, the vein of Labbé runs from the Sylvian fissure toward
the transverse sinus, hence creating an anastomosis between the superficial middle
cerebral vein, or superficial Sylvian vein, and the transverse sinus before its junction
to the sigmoid sinus.

Deep medullary veins originate from the cortex and travel to the subependymal
veins near the ventricles. The subependymal veins drain blood from the deeper
subcortical structures, basal ganglia, and the dorsal region of the diencephalon to
the vein of Galen.

The medullar veins can be subdivided into 2 different sets. The superficial
medullar veins collect blood of the white matter. They are connected to the
superficial cerebral veins. The deep medullar veins empty into the subependymal
veins along walls of the lateral ventricle. The transcerebral veins cross the cerebral
hemisphere to reach subependymal veins. Three subependymal veins commonly
exist: thalamostriate, septal, and internal cerebral vein. These veins are joined by
basal veins of Rosenthal, which drain blood from the basal and medial parts of the
frontal lobe, temporal lobe, and basal ganglia, to form the vein of Galen.

Posterior fossa veins are divided into 4 groups: superficial, deep, brainstem,
and bridging veins. Brainstem veins are named according to the drainage territory
(midbrain, pons, or medulla) and path (transversal or horizontal). In the posterior
fossa, venous blood exits through galenic and petrosal circuits and, to a lesser extent,
tentorial veins and transverse sinuses. Veins of the upper brainstem, dorsal cerebel-
lum, and vermis merge to the vein of Galen. The anterior pontomesencephalic vein,
which lies ventral to the brainstem, drains to the basal vein of Rosenthal or petrosal
venous network.

The cerebellum cortex blood is drained by superficial veins: (1) veins of the
posterior territory run to the torcular and transverse sinus directly or through medial
intratentorial sinuses; (2) veins of the superior territory to the superior petrosal
sinus; (3) veins of the anterior territory to the inferior petrosal sinus; (4) veins of
the superior aspect to the vein of Galen; (5) veins of inferior vermis to the torcular
and/or transverse sinuses. In addition, the precentral vermian vein travels anteriorly
to the vein of Galen.

Posterior fossa venous anastomoses include bridging veins between brainstem
and cerebellum veins that cross subarachnoid and subdural spaces to reach venous
sinuses in the dura. These bridging veins constitute 3 sets: (1) a superior, or
galenic, set that targets the vein of Galen, (2) an anterior, or petrosal, set that
travels to the petrosal sinuses, and (3) a posterior, or tentorial, set that run to the
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sinuses converging on the torcula. The petrosal venous circuit drains the inferior
anterolateral region of the posterior fossa. The tentorial venous circuit collects blood
from the medial superior and inferior cerebellar hemispheres.

1.7.9.4 Limb Veins

The systemic venous network returns deoxygenated blood back to the heart and acts
as a blood reservoir (about 75% of the blood volume is contained within the veins).
The venous system is a low-pressure system.

The principal veins in legs are the great and lesser saphenous veins and their
afferents and in arms the basilic and cephalic veins and their afferents. Two or more
deep veins accompany medium-sized arteries. Perforating veins penetrate the deep
fascia and connect the superficial veins to the deep veins. Intramuscular venous
sinuses are large, very thin walled, valveless veins, mainly within the calf muscles,
which connect directly with the deep veins. They act as deformable reservoirs
compressed during muscle contraction, which empties the blood out of the venous
sinuses into the deep veins.

Thin-walled veins have reduced media. However, the major superficial veins of
the limbs have thicker walls than the deep veins. Cutaneous veins virtually bulge
during exercise although both venous volume and pressure decrease. But the arterial
pressure rises during effort, inducing filtration across the capillary walls. Muscle
swelling due to contraction and filtration pushes cutaneous veins toward the skin
surface.

Veins have stiffer tiered bulges with valves, most often bicuspid.*> The resulting
sinuses around the valve facilitate valve opening and closing. Venous valves
are aimed at preventing retrograde flow when veins are subjected to external
compression during muscular contraction. Venous valves are made of connective
tissue lined with endothelium.

The limb venous network is composed of a superficial and a deep compartment
(Fig. 1.27). The main superficial veins of the lower limbs are the short (SSV or
saphena interna) and the long saphenous vein (LSV or saphena externa), which runs
from the foot to the knee (saphenopopliteal junction) and from the foot to the groin
(saphenofemoral junction), respectively. Venous blood currently also moves from
the superficial to the deep venous network via perforating or communicating veins
that cross the deep fascia. The venous system in the leg can thus be divided into
superficial veins that lie in the subcutaneous layer, deep veins, perforating veins,
and intramuscular venous sinuses.

33Valves in the subclavian and internal jugular veins are bicuspid in 90% of humans (100 autopsies
of 52 men and 48 women) and unicuspid, unicuspid valves being more common in the internal
jugular vein than in the subclavian vein [62]. The average distance from the valve to the junction
with the innominate vein is 17 mm for the subclavian vein and 3 mm for the internal jugular vein.
Cusp height averages 9 mm.
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Fig. 1.27 Veins of the lower

limbs. The venous network is EIV
composed of a superficial

(great and small saphenous

veins) and a deep circuit

(femoral and popliteal veins)

FV
GSaV
PoV
SSaVv
ATiV
PTiV
PeV

The popliteal vein (PoV) is formed by the union of the anterior tibial vein (ATiV)
and the trunk formed by the confluence of the posterior tibial (PTiV) and peroneal
(PeV) veins. The popliteal vein becomes the femoral vein. The small saphenous
vein (SSaV) crosses the popliteal fossa and drains into the popliteal vein. The
great saphenous vein (GSaV), the longest vein, ascends from the foot to the groin
to enter into the femoral vein. The femoral vein (FV) becomes the external iliac
vein (EIV).

1.7.9.5 Portal System

The portal drainage includes the veins that drain blood from most of the digestive
system (Fig. 1.17). The portal vein (PV) is formed by the junction of the superior
mesenteric (SMV) and splenic (SV) veins.

The tributaries of the splenic vein are: the gastric (GV), left gastroepiploic
(LGEV), pancreatic (PV), and inferior mesenteric (IMV) veins. The inferior mesen-
teric vein receives the hemorrhoidal (HV), sigmoid (SiV), and left colic (LCV)
veins. The superior mesenteric vein receives the intestinal (IV), ileocolic, right colic
(RCV), middle colic, right gastroepiploic (RGEV), and pancreaticoduodenal veins.
The gastric coronary (GCV), pyloric (PyV), and cystic (CyV) veins end in the portal
vein.
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1.8 Innervation of the Cardiovascular Apparatus

The sensory-motor nervous system consists of 12 pairs of cranial nerves and 31 pairs
of spinal nerves. All spinal nerves are mixed, as they contain both sensory and motor
neurons.

The autonomic balance allows adjustment to stresses, in particular on the cardio-
vascular apparatus. It relies on the mainly excitory influence of the sympathetic and
principally inhibitory action of the parasympathetic system. When the sympathetic
activation is chronically heightened and parasympathetic activation lowered, the risk
of cardiovascular diseases rises.

1.8.1 Parasympathetic and Sympathetic Control

The nervous control of the heart relies on parasympathetic fibers that travel in
vagus and sympathetic nerves. Vagus nerves operate as a cardiac inhibitor, whereas
sympathetic nerves are cardiac exciters. The sympathetic nervous system supply to
the heart leaves the spinal cord at the first 4 thoracic (T1-T4) vertebra.

At the effector organs, sympathetic postganglionic neurons release noradrenaline
(or norepinephrine), along with other cotransmitters such as ATP, among others.
Noradrenaline binds to adrenergic receptors (Table 1.17). Acetylcholine is the
neurotransmitter for both preganglionic sympathetic and parasympathetic neurons
as well as for postganglionic parasympathetic neurons. Acetylcholine targets mus-
carinic receptors on the plasma membrane of effector cells (Table 1.18). At the
adrenal medulla, an endocrine gland, presynaptic neurons release acetylcholine that
binds to nicotinic receptors, i.e., ligand-gated ion channels. The stimulated adrenal
medulla releases adrenaline (or epinephrine) into the blood stream. Adrenaline also
targets adrenergic receptors, thereby enhancing sympathetic activity.

Sympathetic and parasympathetic neurons modulate cardiovascular dynamics.
Parasympathetic efferent preganglionic neurons in the medulla oblongata project
axons via the vagi to intrinsic cardiac parasympathetic postganglionic neurons.
Sympathetic preganglionic neurons in the spinal cord send axons to postganglionic
neurons in paravertebral ganglia. The interdependent sympathovagal command
concept states that the activated sympathetic inhibits the parasympathetic and
vice versa. Intrathoracic ganglia process centripetal and centrifugal information
using short loops. The main targets of the nervous control are: (1) nodal tissue,
(2) cardiomyocytes, and (3) vascular smooth myocytes.

1.8.1.1 Sympathetic Control

The sympathetic system associated with the thoracolumbar outflow consists of
cell bodies of general visceral efferent and preganglionic neurons in the lat-
eral horn of the spinal cord from the T1 to L2 level of the vertebral column.
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Table 1.17 Receptors of the sympathetic postganglionic neurons
(Vol. 3 — Chap. 7. G-Protein-Coupled Receptors)

Type Effect
Cardiovascular apparatus
ala GPCR Positive inotropy
Vasoconstriction
alb GPCR Positive inotropy
Vasoconstriction
ald GPCR Vasoconstriction
a2a GPCR Sympathetic output reduction
a2b GPCR Vasoconstriction
a2c GPCR Venoconstriction
B1 GPCR Positive bathmotropy, chronotropy,
dromotropy, inotropy, lusitropy
$2 GPCR Positive inotropy, lusitropy
B3 GPCR Negative inotropy
Respiratory apparatus
al GPCR Bronchoconstriction (minor contribution)
B2 GPCR Bronchodilation (major contribution)
Adrenal medulla
Nicotinic receptor Secretion of adrenaline and noradrenaline
(ion channel) (preganglionic neuron)
Kidney (juxtaglomerular apparatus)
1 GPCR Secretion of renin
Liver
al GPCR Glycogenolysis, gluconeogenesis
B2 GPCR Glycogenolysis, gluconeogenesis
Adipose tissue
p1/3 GPCR Increased lipolysis

Table 1.18 Receptors of the parasympathetic postganglionic neurons (Vol. 3 —
Chap. 7. G-Protein-Coupled Receptors)

Type Effect
Cardiovascular apparatus
Muscarinic M, GPCR Decreased cardiac output

Attenuated cardiac frequency (negative chronotropy)
Reduced contractility (negative inotropy)

Decreased conduction (negative dromotropy)
Vascular smooth muscle relaxation

Muscarinic M3 GPCR Vascular smooth muscle contraction
Muscarinic Ms GPCR Vasodilation of cerebral arteries
Respiratory apparatus

Muscarinic M3 GPCR Airway smooth muscle contraction

Preganglionic neurons synapse with postganglionic neurons of paravertebral and
prevertebral sympathetic ganglia, in addition to chromaffin cells of the adrenal
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medulla. Splanchnic nerves such as cervical cardiac and thoracic visceral nerves
synapse in the paravertebral chain, whereas thoracic splanchnic nerves synapse in
the prevertebral ganglia.

In cats, medullary clusters that project to spinal (T2) sympathetic neurons
provide excitatory (cardioacceleration) and inhibitory (cardioinhibition) inputs to
spinal cardioacceleratory neurons [63]. The vasomotor center sends multiple exci-
tatory and inhibitory signals from specific reticular nuclei, i.e., cardioacceleration
mainly from nucleus lateralis reticularis and parvocellularis and cardioinhibition
from nucleus paramedium reticularis, raphe, and medullaec oblongatae centralis
subnucleus ventralis, to the intermediolateral nucleus.

In cats, clusters of the medullary vasomotor region respond to stimulation of the
carotid sinus nerve or aortic depressor nerve. Neurons excited after a short latency
(<10 ms) by stimulation of these nerves localize to the nucleus tractus solitarius and
medial or paramedian reticular formation [64]. A short-duration (<40 ms) inhibition
follows short-latency excitations. Stimulation of the vagus nerve or the dorsolateral
column of the spinal cord excite less than half of the neurons of the nucleus tractus
solitarius. Long-latency excitatory responses and complicated excitatory—inhibitory
patterns are primed in neurons of the medial, paramedian, and lateral-ventral
reticular nuclei by stimulation of the carotid sinus nerve and aortic depressor nerve.
Most of these neurons are also influenced by stimulation of the vagal nerve and
dorsolateral column. Neurons of the lateral ventral reticular region may serve as
preganglionic sympathetic neurons in the intermediolateral columns of the spinal
cord.

In cats, vasopressor outflow from the medulla and descending tracts of the
midcervical spinal cord to the external carotid postganglionic sympathetic nerve
is organized into 2 vasopressor pathways [65]: (1) baroreceptor reflex-sensitive,
long-onset (>50ms), slow-conduction sympathetic response (pressor pathway 1)
and (2) baroreceptor reflex-insensitive, short-onset, rapid-conduction sympathetic
response (pressor pathway 2).

Stimulation of the medullary depressor region inhibits long-latency sympathetic
responses from midbrain, medullary, and descending spinal components of the
pressor pathway 1, but not short-latency sympathetic responses from descending
spinal components of the pressor pathway 2, as does baroreceptor reflex acti-
vation [66]. However, unlike baroreceptor reflex activation, stimulation of the
medullary depressor region prevents short-latency sympathetic responses from the
midbrain and medullary components of the pressor pathway 2. Therefore, 2 distinct
sympatho-inhibitory axes can be activated from the depressor region of the medial
medulla. The first mimics the baroreceptor reflex acting at a spinal level to inhibit
transmission in the pressor pathway 1. The second, which is baroreceptor reflex-
independent, acts at a supraspinal level to inhibit the pressor pathway 2.

The medullary depressor region can also cause reflex vasodilatation in skeletal
muscles by inhibition of sympathetic vasoconstrictor nervous discharge, which is
not associated with excitation of a sympathetic histaminergic vasodilator path-
way [67].
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1.8.1.2 Parasympathetic Control — Vagus Nerve

The parasympathetic system associated with the craniosacral outflow comprises
cell bodies in the brainstem (cranial nerves III, VII, IX, and X) and in the sacral
spinal cord. Preganglionic neurons synapse with postganglionic neurons of the
parasympathetic ganglia of the head and in or near the wall of innervated organs. In
particular, vagus and thoracic spinal accessory nerves innervate the heart and lungs,
among other organs.

The vagus nerve, or pneumogastric nerve, controls many thoracic, abdominal,
and pelvic organs (hence its name).’® It contains axons that run from or to
3 nuclei of the medulla: (1) the dorsal nucleus of the vagus nerve that sends
parasympathetic output to the viscera; (2) the nucleus ambiguus that transmits
parasympathetic output to the heart; and (3) the nucleus of the solitary tract
(nucleus tractus solitarius) that receives afferents from visceral organs.?’ It generates
parasympathetic cardiac nerves that form cardiac and pulmonary plexus.

Both ganglia of the vagus nerve are crossed by parasympathetic and possibly
some sympathetic fibers. The jugular ganglion is the superior ganglion of the
vagus nerve (Fig. 1.28). It contains afferent somatosensory cell bodies that provide
sensory information from the auricular and meningeal nerves. Their axons synapse
in the sensory trigeminal nucleus. The nodose ganglion, or inferior ganglion of the
vagus nerve, is located at the level of the transverse process of the first cervical
vertebra (atlas). It chiefly contains visceral afferents, hence receiving sensory cues
from the heart, lungs, pharynx, and larynx, in addition to the digestive tract.
These visceral afferents synapse in the nucleus of the solitary tract. Preganglionic
motoneurons from the dorsal vagal nucleus and some visceral efferents from the
nucleus ambiguus that descend to the inferior vagal ganglion form a band skirting
the ganglion core.

36 atin vagus: rambling, roving, roaming, strolling, unfixed, unsettled, vagrant, wandering.

3The solitary tract (tractus solitarius) extends longitudinally in the posterolateral region of
the medulla. Other names encompass round fasciculus (fasciculus rotundus), solitary fasciculus
(fasciculus solitarius), solitary bundle (funiculus solitarius), and Gierke and Krause respiratory
bundle. It descends to the upper cervical segments of the spinal cord. It is made of primary sensory
and descending fibers of the vagus, glossopharyngeal, and facial nerves. It is surrounded by the
nucleus of the solitary tract. Inputs to the nucleus of the solitary tract include: (1) taste information
from cranial nerves VII and IX; (2) chemoreceptors in the carotid and aortic bodies via cranial
nerves IX and X, respectively; (3) arterial baroreceptors of the aorta and carotid arteries; and
(4) chemically and mechanically sensitive neurons from the heart, lungs, airways, gastrointestinal
system, and liver via cranial nerves IX and X. Outputs are sent to numerous regions of the brain
(paraventricular nucleus of the hypothalamus, central nucleus of the amygdala, and other nuclei of
the brainstem [parabrachial area and visceral motor and respiratory circuits]).
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Fig. 1.28 Upper segments of the glossopharyngeal, vagus, and accessory nerves (Source: [3])

1.8.1.3 Glossopharyngeal Nerve

The glossopharyngeal nerve (cranial nerve IX) is a mixed (sensory and motor)
nerve® that contributes to the pharyngeal plexus (Table 1.19). It results from the
merging of 3 to 4 roots emerging from the groove between the olive and inferior
cerebellar peduncle. It exits through a foramen of the skull. It is covered with a
sheath that emanates from the meninges.

The glossopharyngeal nerve receives: (1) general sensory fibers (ventral
trigeminothalamic tract) from the pharynx and posterior region of the tongue
(hence its name) as well as the tonsils and middle and outer ear; (2) taste buds
from the posterior tongue; and (3) visceral sensory fibers from carotid bodies

38Five cranial nerves have mixed sensory, motor, and parasympathetic function: the occulomotor
(1), trigeminal (V), facial (VII), glossopharyngeal (IX), and vagus (X) nerves. Three cranial
nerves have primarily a sensory function: the olfactory (I), optic (II), and acoustovestibular
(VIID) nerves. Four cranial nerves have primarily a motor role: the trochlear (IV), abducens (VI),
accessory (XI), and hypoglossal (XII) nerves.
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Table 1.19 Role of the glossopharyngeal and vagus nerves. Afferent neurons have their peripheral
receptors in walls of organs, such as airways, blood vessels, heart, and lungs; their soma resides in
the dorsal root ganglia (or spinal ganglia) or cranial nerve ganglia; their axon ends in the dorsal grey
column of the spinal cord or brainstem. Efferent excitatory or inhibitory neurons supply smooth
muscles in the walls of hollow organs, airways, blood vessels

Special Sensory Motor
Nerve Number sense afferent efferent Parasympathetic
Glossopharyngeal IX + + + +
Vagus X + + —+ +

and carotid sinuses. These fibers arise from cells of the superior and petrous
ganglia and terminate at the medulla oblongata. The glossopharyngeal nerve
supplies: (1) parasympathetic fibers to the parotid salivary gland and (2) motor
fibers to stylopharyngeus muscle, which dilates the pharynx during swallowing.
Motoneurons spring from cells of the nucleus ambiguus of the medulla oblongata
and run in the anterior grey column of the spinal cord.

The glossopharyngeal nerve has parasympathetic fibers that innervate the parotid
salivary gland. Preganglionic fibers depart the glossopharyngeal nerve as the
tympanic nerve and continue to the middle ear where they build a tympanic plexus.

The sympathetic efferent fibers of the glossopharyngeal nerve that originate from
the dorsal nucleus are probably both preganglionic motor fibers and preganglionic
secretory fibers. The secretory fibers synapse in the otic ganglion; from it secondary
neurons travel to the parotid gland.

The glossopharyngeal nerve communicates with the sympathetic system and
vagus and facial nerves. Its branches include the auricular, tympanic, carotid,
pharyngeal, stylopharyngeus, tonsillar, and lingual nerves.

The sensitive ganglia of the glossopharyngeal nerve include the superior gan-
glion, or Ehrenritter’s ganglion, and inferior ganglion, or Andersch’ ganglion, a.k.a.
petrous or petrosal ganglion. The sensitive ganglia of the vagus nerve comprise the
jugular and nodose ganglion.

1.8.2 Role of Reactive Oxygen Species

Oxidative stress supports sympathetic drive. In other words, reactive oxygen species
can provoke an excessive sympathetic nerve activity [68]. In particular, ROS
are generated in nodose neurons in culture by stimulated NMDA-type glutamate
receptors. Reactive oxygen species can enhance sympathetic activity at the gan-
glionic level and mediate action of angiotensin in subfornical organs in the
hypothalamus. In addition, sustained and augmented ROS levels in baroreceptor
neurons may impair the baroreceptor reflex [68]. On the other hand, ROS produced
in carotid bodies contribute to an excessive chemoreceptor activation.
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1.8.3 Inputs from Vascular Sensors

Most arteries and veins in the body are innervated by sympathetic adrenergic nerves
that release noradrenaline. Some blood vessels are innervated by parasympathetic
cholinergic or sympathetic cholinergic nerves that secrete acetylcholine. Once it is
liberated, the neurotransmitter binds to the adrenergic or cholinergic receptors to
activate signaling in effector cells. In this context, receptors are molecules on the
plasma membrane of mural cells in relation to nerve endings.

On the other hand, walls of the cardiovascular apparatus (heart, arteries, and
veins) contain sensors that are sensitive to blood chemical content (chemoreceptors)
or to mechanical stresses (baro- and voloreceptors). In this framework, receptors are
cells that communicate with nerve terminals.

1.8.3.1 Chemoreceptors

Peripheral (carotid and aortic bodies) and central (medullary neurons) chemo-
receptors primarily function to regulate breathing [69]. Carotid bodies® in the
carotid artery bifurcations between the external and internal carotid arteries, imme-
diately prior to the origin of the internal carotid artery, are important for eliciting
hypoxic ventilatory stimulation in humans [70]. In the absence of carotid bodies,
compensatory upregulation of aortic bodies as well as other chemoreceptors
contributes to the hypoxic ventilatory response.

Carotid bodies have predominantly ventilatory effects, whereas aortic bodies
scattered on the aortic arch and its branches have preponderantly circulatory effects.

Chemoreceptors sense po,, Pco,, and pH in the arterial blood and cerebrospinal
fluid. Medullary chemoreceptors primarily respond to changes in pco, and concen-
tration of hydrogen ions (Table 1.20). Peripheral chemoreceptors of vascular bodies
in the aortic arch and medial to the carotid sinuses are also stimulated by increased
Pco, and reduced pH, but the reflex effect is small compared to the direct effect of
hypercapnia and hydrogen ions in the medulla. Carotid bodies monitor chiefly po,,
whereas aortic chemoreceptors record arterial O, saturation [70].

Paraganglia that serve as additional chemoreceptors, i.e., tissues similar to carotid
and aortic bodies, also exist in the thorax and abdomen [70]. Chemoreceptors with
sympathetic afferent fibers also lodge in the heart. They are activated by ischemia
and transmit pain caused by inadequate blood supply to the myocardium.

Peripheral chemoreceptors are critical for ventilatory acclimatization at high
altitude [70]. They also contribute in part to exercise-induced hyperventilation,

3 A k.a. glomus caroticum and carotid glomus, corpuscule, ganglion, and gland. The carotid body
is a small cluster of chemoreceptors and supporting cells located near the bifurcation of the carotid
artery. On the other end, the carotid sinus is a localized dilation of the entrance segment of the
internal carotid artery.
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Table 1.20 Stimuli of baro- and chemoreceptors

Sensor Stimuli

Baroreceptor Wall stretch caused by blood (endoluminal) pressure
(carotid sinus > aortic arch baroreceptor)

Arterial chemoreceptor Mainly Po,

Medullary chemoreceptor ~ Mainly Pco,, [HT]

Table 1.21 Arterial baroreceptor innervation (Source: [69])

Sensor Innervation

Aortic baroreceptor Vagus nerve (X) via sinus nerve of Hering
Carotid baroreceptor Glossopharyngeal nerve (IX) via aortic nerve
Aortic chemoreceptor Vagus nerve (X) via carotid sinus nerve
Carotid chemoreceptor Glossopharyngeal nerve (IX)

especially with submaximal and heavy exercise. During pregnancy, hypoxic venti-
latory sensitivity increases, possibly due to the action of estrogen and progesterone
on chemoreceptors.

Chemoreceptory glomus cells™ give rise to carotid nerve sensory fibers. Afferent
nerve fibers from the carotid bodies join with the sinus nerve and then the
glossopharyngeal nerve (Table 1.21) [69]. The sinus nerve is formed by nerve fibers
that project into the carotid body from the sympathetic superior cervical ganglion
and, to a lesser extent, from the intercarotid branch of the glossopharyngeal nerve.
In response to hypoxia, chemoreceptor cells of the carotid body release transmitters,
which act on the petrosal ganglion neuron terminals to increase afferent discharge.

40

1.8.3.2 Carotid Glomus

The carotid body is a chemoreceptor organ located in the vicinity of the carotid
bifurcation. It is composed of cell clusters formed by chemoreceptor and support
cells. Sensory nerve endings of the carotid sinus nerve penetrate these clusters and
synapse with chemoreceptor cells.

The carotid body regulates the body’s ventilation during hypoxia, hypercapnia,
and acidosis. However, in normal humans at rest, hyperoxia that inhibits peripheral
chemoreceptor activity decreases sympathetic activity, therefore suggesting that a
sympathetic tone exists even in the absence of hypoxia [71].

Once they are detected, chemical stimuli (hypoxia, hypercapnia, and acidosis
on glomus cells of the carotid body) provoke an increase in release rate of

40Carotid bodies are composed of glomus cells, or carotid body type-1 cells, which are neurons
containing various types of neurotransmitters, and sustanticular cells, or S100-+ supporting type-2
cells, which resemble glial cells.
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neurotransmitters by chemoreceptor cells that heighten action potential frequency
in the carotid sinus nerve.

Coupling between glomus cells results from gap junctions. Coupling between
glomus cells (GC) and nerve endings (NE) is mostly resistive in the GC-to-NE
direction, but mostly capacitive in the opposite NE-GC direction; coupling between
nerve endings is mostly capacitive in either direction [72]. Slow chemicoelectrical
events originating in glomus cells can be transferred to the nerve endings, but only
electrical transients can pass from nerve to glomus cells. Chemoreceptor stimulants
(acute and chronic hypoxia, hypercapnia, acidity, cholinergic agents, and dopamine)
uncouple most glomus cells, reducing GC-GC signaling via gap junctions, but
enhance coupling from glomus cells to nerve endings.

The carotid body possesses 2 concentric bands that contain receptors intermin-
gled with elastin and collagen fibers [73]: (1) a first band close to the adventitia with
disperse receptors that have myelinated sensory axons and (2) a second one with
circumscribed receptors with myelinated sensory axons that has the highest density
of nerves of the entire arterial tree. Types of nerve fibers depend on mammalian
species.*!

Upon glomus cell activation by hypoxia, hypercapnia, or acidosis, afferent
carotid nerves prime impulses, thereby triggering respiratory and cardiovascular
reflexes. The chemoreceptor reflex increases the rate and amplitude of breathing. In
addition, as they interact with vasomotor centers in the medulla and via pulmonary
stretch receptors, chemoreceptors enhance sympathetic signals to the heart and
vasculature by activating the vasomotor centers.

In addition, vasoactive molecules produced in the carotid body can modulate
chemoreception, as they control blood flow. In the cat, endothelin-like peptides are
produced in the petrosal ganglion and carotid body under normoxia. Endothelin-
1 increases basal chemosensory discharges from the carotid body due to local
vasoconstriction [75].

Multiple neurohumoral factors, such as catecholamines, angiotensin-2, endothe-
lin, natriuretic peptides, and nitric oxide, influence chemoreceptor activity. Glomus
cells synthesize and store multiple neurotransmitters (Table 1.22).

Glomus cells express oxygen-sensitive, Ca* t-insensitive, outward voltage-gated
KT channels (KV02) constituted by Ky4.1 and Ky4.3 subunits. At least in rabbits,
these cells also produce a Ky3.4 subunit that is insensitive to oxygen. Once the
Ky,, channel is repressed by hypoxia, an attenuated K™ current contributes to cell
membrane depolarization at rest. This initial depolarization subsequently activates
voltage-gated Cay channels. Calcium influx allows release of neurotransmitters,
such as acetylcholine, ATP, dopamine, serotonin, and substance-P that are produced
by chemoreceptor cells to increase discharge in the carotid sinus nerve.

“1In guinea pigs, 5 different populations of nerve fibers are observed in the carotid body according
to their origin and chemical coding [74]. In rats, the innervation pattern of the carotid body
differs. Neuropeptide-Y+ fibers act primarily via vascular mechanisms rather than directly as
chemosensors. Sensory fibers contain substance-P, calcitonin gene-related peptide (rat and guinea
pig), and somatostatin (guinea pig).
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Table 1.22 Excitatory and inhibitory neurotransmitters in glomus cells that are
present at least in some mammalian species (Source: [76]). Hypoxia releases
substance-P using Cay 1 and Cay2.2 channels

Acetylcholine, dopamine,

Biogenic Amines noradrenaline, serotonin

Neuropeptides Atrial natriuretic peptide, Endothelin,
enkephalin, substance-P

Gastransmitter Heme oxygenase-2,

processors NADPH-cytochrome-C oxidoreductase

Nitric oxide is synthesized by constitutive nitric oxide synthases NOS1 and
NOS3 in nerve fibers and vascular endothelium in the carotid body. Its synthesis
requires oxygen. Nitric oxide impedes chemosensor discharge in normoxia by acti-
vating calcium-dependent, voltage-gated K™ channels (Kc,) via a cGMP pathway
in glomus cells in rabbits [77]. Potassium flux through K¢, prevents glomus cell
membrane depolarization at rest. Nitric oxide thus indirectly precludes Cay1 chan-
nels in rabbit glomus cells, in addition to direct inhibition via a cGMP-independent
mechanism. Angiotensin-2 activates Cay 1.2 channels in vascular smooth myocytes
and possibly in glomus cells.

Inwardly rectifying KT current carried by the Ky11.1 channel in rabbit glomus
cells can also influence the resting membrane potential [77].

Nitric oxide in the paraventricular nucleus (PVN) of the hypothalamus suppres-
ses the sympathetic output. Inhibition of NOS in PVN increases sympathetic and
phrenic nerve responses to the stimulated carotid body [71].

Endothelin-1 synthesized in the carotid body excites this chemosensory organ.
The endothelin receptor antagonist lowers the elevated carotid body discharge
induced by chronic intermittent hypoxia in hypoxic as well as normoxic condi-
tions [77].

1.8.3.3 Baroreceptors

Arterial blood pressure is regulated within a narrow range (mean arterial pressure
range 11.3-13.3kPa in adults) to ensure adequate blood flow [69]. A negative
feedback from baroreceptors that sense the arterial pressure responds to stretching of
the arterial wall. Arterial baroreceptors localize to the carotid sinus at the bifurcation
of the common carotid artery into external and internal branches (Table 1.23) and in
the aortic arch.

The carotid sinus is the most important cluster of arterial baroreceptors [69].
Baroreceptors in the aortic arch have a higher threshold pressure and are less
sensitive than the carotid sinus baroreceptors.

In the sheep, the carotid body (width 1.4-2.6 mm) localizes to the medial surface
of the terminal segment of the common carotid artery [78]. It has an oval, circular,
or irregular shape. In adult sheep and goats, the internal carotid artery is absent.
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Table 1.23 Carotid body and sinus: location and role. The carotid body and
sinus are connected to the central nervous system by visceral sensory afferents
and visceral motor parasympathetic efferents. The carotid body chemoreceptors
strongly influence the magnitude of the sympathetic inhibition produced by
activated baroreceptors

Sensor Location Role

Carotid body Carotid artery Chemoreceptor
bifurcation
(Common
carotid artery)

Carotid sinus Internal Baroreceptor

carotid artery

The initial part of the occipital artery and the posteriorly adjacent dorsolateral and
medial part of the common carotid artery are homologs of the carotid sinus of other
animals [78]. The carotid body, represented either by scattered cells or by aggregates
around the vessel, is close to the muscular branch of the occipital artery. The sinus
lodges at the base of the occipital artery in both species [79]. The carotid body
is innervated by the carotid sinus branch of the glossopharyngeal nerve and by
branches of the external carotid nerves [78]. The carotid sinus is innervated also
by these nerves as well as by a branch of the vagus nerve in 50% of cases and by a
branch of the hypoglossal nerve in 23% of cases [78].

When the arterial pressure suddenly rises, i.e., when the arterial wall expands,
baroreceptors fire. Conversely, when the arterial pressure suddenly falls, the stretch
of the arterial wall decreases and baroreceptor firing falls.

The carotid sinus baroreceptors are innervated by the sinus nerve of Hering,
a branch of the glossopharyngeal nerve (Table 1.21) [69]. The glossopharyngeal
nerve synapses in the nucleus tractus solitarius in the medulla of the brainstem. This
neural nucleus modulates the activity of sympathetic and parasympathetic neurons
in the medulla, which in turn regulate the autonomic control of the heart and blood
vessels.

The aortic arch baroreceptors are innervated by the aortic nerve, a branch of the
vagus nerve that also travels to the nucleus tractus solitarius [69].

1.8.3.4 Reciprocal Interaction Between Baro- and Chemoreceptors

Baroreceptor activation inhibits the chemoreceptor reflex and vice versa. For
example, elevated carotid sinus pressure not only reduces vascular resistance, but
also precludes vasoconstriction primed by chemoreceptor activation by carotid
artery hypoxemia [68]. Conversely, when the baroreceptor activity is attenuated by
lowered carotid sinus pressure, vascular resistance increases and vasoconstriction
caused by carotid artery hypoxemia is educed. Increased sympathetic nerve activity
in a hypertensive subject by hypoxemia is suppressed by activation of carotid
baroreceptors stimulated by distension of the carotid sinus region.
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Reciprocal dysautonomia, i.e., decreased baroreceptor reflex and enhanced
chemoreceptor reflex promote sympathovagal imbalance. Chronic, excessive sym-
pathetic nerve activity in the cardiovascular apparatus that arises from reduced
baroreceptor activity, increased chemoreceptor activity, or facilitatory interaction
between baro- and chemoreceptors (enhanced chemoreceptor response by reduced
baroreceptor activity) is pathological [68].

Electrical stimulation of carotid baroreceptors enhances prognosis in refractory
hypertension, as it represses chronic sympathetic nerve activity observed via
reduced concentrations of circulating neurohumoral indicators, such as plasma
angiotensin-2 and noradrenaline [68]. Vagal nerve stimulation improves long-term
survival in rats with chronic heart failure. In addition, inflammatory cytokines (TNF
and IL1) of tissue injury activate sensory vagal signals relayed to the nucleus tractus
solitarius that activate vagus efferent activity targeting macrophages to inhibit
cytokine synthesis through the cholinergic anti-inflammatory pathway.

1.8.3.5 Signal Transduction in Chemoreceptors

Hypoxia may depolarize glomus cells by inhibiting an oxygen-sensitive K chan-
nel, such as Ky11.1 or the large-conductance K¢, (BK) channel, which acts as a
primary oxygen sensor. Plasma membrane depolarization leads to an increase in
cytosolic Ca’* level via entry through the Cay 1 or Cay?2 channel and subsequent
transmitter release [70].

In addition, a heme protein or a redox-sensitive enzyme, such as mitochondrial
cytochromes or nitric oxide synthase NOS1 on the one hand or nonmitochondrial
heme-containing enzymes NADPH oxidases, NOS1, NOS3, heme oxygenases, or
NADPH-cytochrome-C reductase on the other, may act as an O, sensor [70]. A
change in its redox state may trigger transmitter release.

The carotid body produces many types of neurotransmitters, such as acetyl-
choline, adenosine triphosphate, and substance-P, which are coreleased during
hypoxia. During long periods of hypoxia, inhibitory transmitters may prevent
overexcitation of the sensory activity launched by excitatory transmitters.

In mice, hypoxia detection depends on production of hydrogen sulfide and carbon
monoxide produced by cystathionine y-lyase and heme oxygenase-2 [80].

Changes in HT concentration caused by acidosis inside the cell stimulates the
same pathways involved in pco, sensing. Arterial acidosis, either metabolic or
from altered pco,, impedes acid-base transporters such as Na™-H™ exchanger
that raise intracellular pH and activates other types of transporters such as Cl1™—
HCO5 exchanger that decrease intracellular pH. In addition, extracellular pH-
sensitive conductances including C1™ and pH-sensitive potassium TASK-like cur-
rents may mediate the depolarization caused by extracellular acidosis [68].

The carotid body produces amiloride-sensitive cation channels ACCN1 and pre-
dominant ACCN2 and ACCN3 [68]. The relative expression of various subunits of
ACCN channels in glomus cells may determine their activation kinetics and pH sen-
sitivity. Absence of ACCN1 enhances pH sensitivity of ACCN3 isoform. In glomus
cells, the ACCN3 channel contributes to pH sensitivity, causing sympathoexcitation.
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1.8.3.6 Mechanotransduction in Baroreceptors

Molecules involved in sensory signaling that enable mechanotransduction in barore-
ceptor neurons and chemotransduction in glomus cells of the carotid bodies include
hydrogen ion-sensing ion channels.

Approximately 15 to 20% of arterial baroreceptors are A-tfype neurons with
myelinated axons, whereas the remaining 80 to 85% are C-type neurons with
unmyelinated axons. Among A- and C-type nodose ganglion neurons, in general,
C-type, unmyelinated, sensory neurons do not have HCN1; most HCN1+ neurons
are myelinated, A-type neurons.

Upon mechanical stimulation, intracellular calcium concentration increases in
aortic baroreceptor nodose neurons in rats [68]. Calcium transients that are propor-
tional to the intensity of mechanical stimulation depend on the extracellular Ca>*
level. Calcium influx occurs through mechanically gated nonvoltage-gated Ca’*
channels.

Neurons of the nodose ganglia connect many types of visceral sensory neurons
to the central nervous system. Sensory terminals of nodose neurons can serve as
baroreceptors of the aortic arch in the adventitial layer of the arterial wall. All
nodose sensory neurons possess hyperpolarization-activated cyclic nucleotide-gated
channels HCN2 and HCN4, but only 20% express the HCN1 subtype [81].

Subtype HCN1 characterized by a rapid activation is detected not only in
soma, but in mechanosensitive terminals. Both HCN2 and HCN4 responsible for
inward current with slow activation localize to mechanosensing terminals of both
myelinated and unmyelinated receptor neurons.

Members of the degenerin—epithelial sodium channel (DEG-ENAC) subunit
family*? have a preferential conductance for sodium. They are involved in neurosen-
sory mechanotransduction (Sect. 3.6.1.2).

The epithelial sodium channel (ENaC)* is an ion channel permeable for
Lit, HT, and especially Na™ ions. It is a component of the mechanosensor in
arterial baroreceptors. Pharmacological blockers of ENaC (amiloride and benzamil)
suppress mechanically induced Ca2+ transients and depolarizations in isolated
aortic baroreceptor neurons as well as the carotid sinus nerve activity and baroreflex
in anesthetized rabbits.

Amiloride-sensitive cation channels (ACCN1-ACCN4), or acid-sensing (proton-
gated) ion channels (ASIC1-ASIC4), constitute a subfamily of the DEG-ENAC
neuronal family of ion channels. They are amiloride-sensitive nonselective cation
channels with predominant Nat conductance. They have a large extracellular

“2pickpocket (Ppk) in Drosophila melanogaster; Degenerin-like protein Uncoordinated Unc105
and Degenerin-like protein DeL.1 in Caenorhabditis elegans.

A k.. sodium channel nonneuronal SCNN1 and amiloride-sensitive sodium channel (ASSC).
It is composed of different subunits (SCNN1a—SCNN13). It is located in the apical membrane
of polarized epithelial cells, particularly in the kidney (primarily in the collecting tubule), lung,
and colon. It is involved in the transepithelial NaT transport together with the Nat K+ ATPase.
In ciliated cells, ENaC localizes along the entire length of the cilium, unlike CFTR channel. It
regulates osmolarity of the periciliary fluid.
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domain that may tether to extracellular matrix proteins, 2 transmembrane domains,
and short intracellular C- and N-termini linked to actin and other proteins that form
a mechanically gated complex. Homo- and heteromultimers of various subunits
constitute the channels. The ACCN channels are mainly trimeric. Different combi-
nations of subunits constitute ACCN channels. The subunit composition determines
the magnitude of H* sensitivity. According to the type of sensory terminal
in which they reside, ACCN channels mediate different functions (nociception,
mechanosensing, thermosensing, salt tasting, pH sensing, and synaptic modulation).

Isoform ACCN1#* is the least sensitive to H' ions. It is involved in mechanosens-
ing in some of the rapidly adapting cutaneous fibers. It acts as a mechanosensory
ion channel in baroreceptors. Subtypes ACCN2% and ACCN3“® are very sensitive
to H' ions. They are implicated in the transduction of nociception in spinal
sensory afferents and in pH sensitivity of glomus cells of the carotid body. Another
isochannel is the pituitary isoform amiloride-sensitive cation ACCN4 channel.*’

In mice, 5 ACCN subtypes (ACCN1a—ACCNI1b, ACCN2a—ACCN2b, and
ACCN3) lodge in nodose ganglia, with prominence of ASIC2b. Isoforms ACCNIa,
ACCNI1b, ACCN2a, and ACCN2b are splice variants. Subtype ACCN1b is not
functional on its own, but modulates activity of heteromultimeric channels as a con-
stituent. Isoforms ACCN1 to ACCN3 exist in various nodose neurons, with varying
densities, especially in baroreceptor axons and their terminals in the aortic arch.

Channel ACCNI1 is an important determinant of baroreceptor sensitivity and a
pressure sensor. Baroreceptor sensitivity decays in ACCNI1 null mice [68]. The
loss of baroreflex control causes a sympathovagal imbalance with an enhanced
sympathetic drive of heart rate and vasomotor tone as well as a reduced parasympa-
thetic control of heart rate. Channel ACCNI is a mechanosensor in isolated nodose
neurons, as mechanically induced depolarization in aortic baroreceptor neurons is
correlated to ACCNI1 expression. Moreover, aortic depressor nerve activity during
the pressor response declines rapidly in knockout mice.*

In general, the contribution of the baroreceptor reflex to the pressor response
to bilateral carotid occlusion in mice is stronger than that of the chemoreceptor
reflex, but the latter becomes very significant with senescence [68]. Both ACCN2
and ACCN3 may contribute to activation of chemoreceptors and their sensitivity
may be enhanced when ACCNI is lacking.

4 A k.a. ASIC2, brain sodium channel BNaCl, and mammalian degenerin homolog (mDeg).
4 A k.a. ASICI and brain sodium channel-2 (BNaC2).

46 A k.a. ASIC3, neuronal amiloride-sensitive cation channel-3, SLNACI, testis sodium channel
TNaCl.

47A k.a. ASIC4 and BNaC4.
“8Genetically engineered mice for the loss of a given gene activity, here the Accnl gene.



Chapter 2
Anatomy of the Ventilatory Apparatus

Anatomy of the ventilatory apparatus refers to its architecture, bulk structure,
vascularization, and innervation. Dimensions of tree-like structures, such as the
pulmonary arterial, venous, and bronchial circuits, determine the efficiency of fluid
distribution and drainage via an optimal structure—function relation.

In adult humans, the chest volume-filling respiratory tree is made of bronchi that
connect atmospheric air via cranial and cervical upper airways to alveoli that are the
basic respiratory units. A part of walls of these small distal gas-exchange units, or
alveolar septa, constitutes the interface between blood and air.!

The tracheobronchial tree is constituted of a set of branchings, most often
by dichotomy. After each branching, branch dimensions (length and diameter)
decay. The human tracheobronchial tree is constituted of conducting (O[10°] and
respiratory (O[107] airways. In human lungs, the minimum number of bronchial
generations is 18, the maximum 33, and the average 23. Walls of the last 8 to
10 bronchial generations include alveoli (Sect. 2.3).

In the human lung, large and small airways differ by their structure, as large as
well as mid-sized and small bronchi have great and small amounts in cartilaginous
rings, respectively. Bronchioles do not possess cartilage. Terminal bronchioles form
the last purely conductive airways. Last bronchiolar divisions indeed give rise to
respiratory bronchioles that have their epithelium lining interrupted by alveoli.

The pulmonary alveolus is the principal constituent of the pulmonary
parenchyma. This small cavity is situated either along walls of respiratory
bronchioles (last bronchiolar generations), which are more and more alveolized
distally, traveling away from the last generation of terminal bronchioles, i.e., away
from the entry into the pulmonary acinus (for inspiratory air), a subcompartment of
the pulmonary lobule, and in alveolar sacs that are closed ends of the airway tree.

Respiratory bronchioles are sites where gas exchange begins. Three generations
of respiratory bronchioles exist generally. A single terminal bronchiole with its

L atin alveolus: small vase, little tub.

M. Thiriet, Anatomy and Physiology of the Circulatory and Ventilatory Systems, 73
BBMCYVS 6, DOI 10.1007/978-1-4614-9469-0_2,
© Springer Science+Business Media New York 2014
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Table 2.1 Lung compartments and corresponding irrigating/draining (during inhalation/
exhalation) bronchus types with the type of inspiratory air transport (convection or
diffusion). The first generation of terminal bronchioles marks the entrance of the
tracheobronchial tree into the pulmonary lobule. The first generation of respiratory
bronchioles defines the airway entry into the pulmonary acinus

Compartment Bronchus type

Conductive zone (anatomical dead space)
Convective air transport (Navier—Stokes equation)
Perfusion by bronchial arteries

Lobe Large cartilaginous-walled bronchi
Segment Mid-sized and small cartilaginous-walled bronchi
Lobule Terminal bronchioles (wall without cartilage)

Respiratory zone (gas exchange)
Multinary diffusive gas transport (Stefan-Maxwell equation)

Acinus Respiratory bronchioles (alveolized wall),
alveolar ducts (wall completely coated by alveoli),
alveolar sacs (closed end),
alveoli (basic airspaces)

respiratory bronchioles and 2 to 9 generations of alveolar ducts and alveolar sacs
constitute the basic respiratory compartment of the lung, i.e., the pulmonary acinus
(Table 2.1). The respiratory tract belongs to the human body’s organs with the largest
surface area.

The respiratory tract has 2 highly irrigated end regions, the nose and distal
alveoli. The nose serve as air conditioner. The lung’s major function is the exchange
of oxygen and carbon dioxide between air and blood at pulmonary alveolus walls
(3.3-4.8 x 10° um3 [1]; mean volume 4.2 x 10° um3; width ~200 pwm).

Blood and air are delivered to parts of the outer surface and the entire inner
surface of alveolar walls—the blood—air barrier—via respiratory and vascular trees,
respectively. Whereas about 17 million bronchi carry inhaled air to approximately
480 million alveoli (range 274-790 millions) [1], nearly 73 million precapillary
arterioles (bore 10-15 um) generate directly or indirectly via precapillaries about
280 billion capillaries [2]. The surface area of alveolar septa (surface area ~130 m?,
i.e., a tennis court [3]) fits into the lung parenchyma within the chest (air volume
4-61 according to age, gender, and size).

Three-dimensional reconstruction of airway geometry from image data sets is
required for computational biofluid dynamics [4], which are especially carried out
to predict sites of inhaled particle deposition, thereby determining inhaled drug
delivery protocols. In parallel, large arteries and veins of the pulmonary circulation
can also be reconstructed for biomechanical simulations [5]. However, many works
focused on upper airway geometry reconstruction fail to provide an anatomically
realistic larynx characterized by a ventricle and vestibular and mobile vocal folds
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that strongly influence air flow. Unlike the nasal fossae, oral cavity, and throat,
gaining the geometry of the larynx is not trivial because of the movement of
the vocal folds during breathing. Nonetheless, a reconstructed 59-year-old human
female airway model from the tracheal inlet down to bronchial generation 5 based
on cubic voxel processing of MRI datasets from cadavers was merged to an upper
airway model from oral cavity to the larynx derived from casting [6].

2.1 Upper Airways

Two major compartments of the respiratory ducts can be defined: the upper airways,
in the head and upper neck (Fig. 2.1), and the tracheobronchial tree.

Upper airways constitute the proximal compartment with respect to the airway
opening (facial ends of nose in the case of normal breathing, or mouth during
lung function testing). Upper airways include successively the nose or the mouth
according to the breathing mode, the pharynx, and the larynx. Some upper airway
size are given in Table 2.2.

The tracheobronchial tree, below the larynx, corresponds to the distal compart-
ment. The tracheobronchial tree can be subdivided into 2 distinct anatomical regions
according to the body’s segments, hence subjected to 2 different environments,
the extrathoracic trachea (cranial tracheal segment) and the intrathoracic tracheo-
bronchial tree.

2.1.1 Nose

The nose is composed of 2 asymmetrical nasal fossae, starting with the naris, or
nostril, separated by the nasal septum. The shape of the nasal cavity (cavum nasi)
varies between individuals.

The main nasal functions comprise: (1) olfaction,? (2) air-conditioning, warming
and moistening the inhaled air (30% moisture), (3) cleaning via adsortion and
secretion, and detoxification by biochemical action.

2The olfactory epithelium on the roof of the nasal cavity is made up of 3 layers of cells: supporting
cells, bipolar (endowed with 1 dendrite and 1 axon) olfactory receptor neurons, and brush and basal
cells. Supporting cells, or sustentacular cells, physically assist olfactory receptor neurons and help
produce olfactory mucus, which contains water, mucopolysaccharides, antibodies, enzymes, and
electrolytes, in addition to odorant-binding proteins. Brush, microvilli-bearing, columnar cells have
a basal surface in contact with afferent nerve endings of the trigeminal nerve (cranial nerve V).
Basal stem cells are sources of new olfactory sensory neurons. Olfactory sensory neurons are
regularly replaced (life duration 4-8 wk). Olfactory sensory neurons transduce odorant signals
from dendrite end knob with immotile cilia that extend through the mucus layer. The plasma
membrane contains odorant-binding proteins acting as olfactory receptors. Inhaled odorants are
made soluble by the serous secretion from Bowman’s glands of the lamina propria of the mucosa.
Axons from olfactory sensory neurons pass through tiny holes of the cribriform plate to enter the



76 2 Anatomy of the Ventilatory Apparatus

Hypophysis

\‘._Qri}_: lxt’(’x
=

Pharyngeal
tonsil =

Orz'ﬁcc Of
auditory tube
Nasal part of

pharynz

Anterior arch of
allas

Odontoid process
of axis

Oral part of
pharynz — |
Body of axis

Epiglottis
Laryngeal part

of pharynz

Aryepiglottic fold Frenulum linguee

Mylohyoideus muscle
Hyoid bone
Thyroid cartilage

Ventricular fold
Vocal fold

Cricoid cartilage

Isthius of thyroid gland

Fig. 2.1 Anatomy of the upper airways (Source: [3])
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Table 2.2 Upper airway size (Source: [6]). The larynx
length, i.e., the distance between the glottis (more precisely,
the splitting apex between the esophagus and larynx) and
just above the first tracheal cartilagenous ring equals about
43.8 mm; the sagittal glottis width (left-right axis normal
to sagittal plane) equals 17.1 mm (laryngeal [vestibule or
tubercle] entry; the sagittal width of the pharynx equals
30.9, 25.5, and 20.2 at its upper, mid, and lower station
(at the widest section above the glottis), respectively; the
sagittal width of the larynx at the ventricular folds (false
vocal cords), at laryngeal ventricules (between false vocal
and vocal cords), and at vocal cords equals 9.7, 22.7, and
7.1 mm, respectively; the horizontal distance from the oral
cavity aperture to the posterior wall of the oropharynx and
to the anterior wall of the larynx in the coronal plane of
the abrupt change in curvature of the oropharynx equals 85
and 78 mm, respectively; the anteroposterior distance of the
buccal cavity equals 54 mm; the vertical distance from the
upper wall of the oropharynx to the upper trachea equals
83.4 mm; the diameter of a circle matching the arc of the
oropharynx equals 65.4 mm

Buccal cavity

Maximum sectional surface area 496-1811 mm?
Minimum sectional surface area 65-492 mm?
Nasopharyngeal cavity

Maximum sectional surface area 174-648 mm?
Minimum sectional surface area 92-493 mm?
Laryngopharyngeal cavity

Maximum sectional surface area 195-667 mm?
Minumum sectional surface area 62-241 mm?
Laryngeal cavity

Maximum sectional surface area 149-328 mm?
Minimum sectional surface area 30-216 mm?
Epiglottis tip—soft palate tip distance 13-45 mm

Within the pharynx, the air is characterized by 90% moisture. Air flowing
through the nasal cavities is warmed by an extensive capillary network and humid-
ified by nasal goblet cells. Furthermore, the nose keeps heat and moisture from
exhaled air. Larger particles (microscopic O[10 pum]) are removed from inhaled air
by nose hairs, smaller particles (O[1 um]) by impaction.

brain via 2 glomeruli (medial and lateral) in the left and right olfactory bulbs over the cribriform
plate of the ethmoid bone. Axons of olfactory sensory neurons form a bundle after crossing the
cribriform plate to give rise to olfactory nerves (cranial nerve I). The olfactory nerves actually
consist of a collection of many sensory nerve fibers that extend from the olfactory epithelium to the
olfactory bulb rather than nervous trunks. In addition, in the olfactory bulb, mitral neurons synapse
in glomeruli with olfactory receptor neurons and relay signals to some brain regions (piriform and
entorhinal cortex and amygdala).
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Fig. 2.2 Structure and configuration of nasal fossae (Sources: [3, 8]). (Left) Lateral view of nasal
bones and cartilages. (Middle) Apertures of nasal cavities observed from below with cartilages.
(Right) Shapes of different sections of the external region of the nasal passage

The 2 nasal cavities have a total surface area of about 160 cm? [7]. The nasal
passages are flanked by a set of paranasal sinuses (Sect. 2.1.1.3). The nose can
be bypassed either transiently (mouth breathing during vigorous exercise and
orotracheal intubation) or chronically (tracheostomy).

The nose includes 2 main regions, the external and internal noses. The external
nose is the projecting anterior part of the nose. Inferiorly the external nose open
to the atmosphere through 2 nostrils, or nares. Nostrils are separated by the nasal
septum, which is more or less deviated. The external nose comprizes an anterior
cartilaginous part® and a posterosuperior bony portion.*

2.1.1.1 External Nose

The nasal valve’ limits a variable area, the nasal vestibule, which depends on the
size and shape of the lower lateral cartilage (Fig. 2.2).

The nasal vestibule has compliant walls. It is lined by a skin-like epithelium
(stratified, squamous, keratinized epithelium). Behind the nasal pseudovalve, the
nasal cavity proper is lined by the respiratory epithelium. The nasal vestibule
contains vibrissae, which can stop entrance of large foreign particles during

3The nose cartilages include internally the septal cartilage, and, externally, the greater alar or lower
lateral cartilage, beneath the upper lateral cartilage, the lesser alar, and the sesamoid.

4The paired nasal bones superiorly are attached to the frontal bone and inferolaterally to the
ascending nasal processes of the superior maxilla.

3The word “valve” is, in the nose, a misnomer, as it does not prevent flow in the 2 opposite
directions (exhalation and inhalation).
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inspiration. The nasal vestibule also possesses thermoreceptors. The configuration
can change during deep breathing. In fact, inward motion of the lower lateral
cartilage during forced inspiration is limited.

The nasal narrowing comprises external and internal pseudovalves. The external
nasal pseudovalve is formed by the fixed columella (end of the nasal septum)
medially, the nasal floor, and the nasal rim, or caudal border of the lateral part of
the lower lateral cartilage.® Dilator naris muscles dilate this part during inspiration,
hence counteracting possible wall collapse at high inspiratory flow rates.

The internal nasal pseudovalve, or simply the nasal valve, usually the narrowest
nasal segment, defines the transition region between the skin and respiratory
epithelium. The angle formed between external and internal nasal pseudovalves
normally equals 10 to 15 degrees. The nasal pseudovalve lies in the coronal plane at
the head of the inferior turbinate.

The anterior nasal aperture, or pyriform aperture, is a pyriform, vertical, nasal
section with a narrow end upward. Its configuration is determined by the lateral
and alar cartilages of the nose. It is bounded above by the inferior borders of the
nasal bones, laterally by the thin sharp margins that separate the anterior from nasal
surfaces of the maxilla, and below by the same borders that bend medially to join
each other at the anterior nasal spine.’

%The lower lateral cartilage, or greater alar cartilage, is a thin flexible plate situated below the
lateral nasal cartilage. It bends on itself to form the medial (crus mediale) and lateral (crus laterale)
walls of the naris.

"Medially, the anterior surface of the maxilla is limited by a deep concavity, the nasal notch, on
the margin of which attaches the dilator naris posterior and ends below in a pointed process, which
links to that of the opposite bone to form the anterior nasal spine.
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The nasal pseudovalve zone is formed by the nasal septum, caudal border of
the upper lateral cartilage, head of the inferior turbinate, and isthmus nasi at the
pyriform aperture (Fig. 2.3).

The internum ostium is the anterior segment and the isthmus nasi (internal nasal
pseudovalve) is the posterior segment of the nasal pseudovalve region. The internal
pseudovalve is named a valve because of bulging of the inferior nasal turbinate head
mucosa. The external pseudovalve is also named a valve because inferior lateral
cartilage movement regulates airflow in the vestibule.

The nasal pseudovalve region can be subdivided into proximal and distal
components. The proximal component, or structural compartment, is made of the
rigid septal cartilage and inferior portion of the mobile perior lateral cartilage. The
distal component, or functional compartment, is the volume-varying tissue of the
nasal septum and inferior turbinate head. The inferior turbinate projects forward
toward the pyriform aperture and nasal vestibule.

In the normal nose, external and internal nasal pseudovalves are connected by
fibrous connections between the caudal border of the superior lateral cartilage and
the cephalic border of the inferior lateral cartilage. The lateral wall of the nasal
vestibule is concave and corresponds to the internal face of the inferior lateral
cartilage lateral crus. The external valve is located in the vestibular border.

The nasal pseudovalve is the narrowest part of the nasal conduit. Therefore,
the nasal vestibule is the region of the greatest nasal airflow resistance. In fact,
about 2/3 of the total nasal airflow resistance is measured in the bony cavum in
the vicinity of the pyriform aperture and about 1/3 in the cartilaginous vestibule [9].
Caval resistance changes proportionately with the degree of mucosal congestion;
vestibular resistance changes similarly. This phenomenon results from forward
expansion of the anterior end of the inferior turbinates with congestion.

The surface areas of the nostril and of the ostium internum equal about 0.9 and
0.32 cm?, respectively [10]. The cross-sectional areas of nostrils, ostium internum,
and pyriform orifice equal about 1.0, 1.4, and 0.7 cm? [11].

2.1.1.2 Internal Nose

The internal nasal valve is formed by the angle between the upper lateral cartilage
and the septal cartilage, by the nasal floor, and by the anterior head of the inferior
turbinate.

The internal nose is composed of a ceiling, of a floor, of internal and external
faces. The nasal floor is formed by the hard palate® and, posteriorly, by the soft
palate,’ where the posterior choanae opens into the nasopharynx. The nose ceiling
internally is formed by the cribriform plate of the ethmoid'® and posteriorly by the

8The hard palate (palatum durum) is continuous with the soft palate.

9The soft palate (palatum molle) is a movable fold between the mouth and the pharynx. It contains
myofibers, an aponeurosis, vessels, nerves, adenoid tissue, and mucous glands. Its lower border is
free. The lower portion is termed the palatine velum.

10The cribriform plate contains numerous tiny orifices for sensory fibers to the olfactory bulbs.
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sphenoid. The bony nasal septum is composed superiorly of the perpendicular plate
of the ethmoid, posteroinferiorly of the vomer.'!

The nasal septum is the midline partition that divides the 2 nasal passages in
a usual asymmetrical manner. Significant deviation of the nasal septum causes a
pronounced narrowing of 1 nasal fossa.

The lateral nasal wall has 3 curved excrescences, the superior, middle and inferior
turbinates. Each lateral nasal wall indeed contains 3 thin bones: the superior,
middle, and inferior conchae (Fig. 2.1). The conchae form the bony frameworks
of turbinates. Turbinates increase the internal surface area of the nose for heat and
water transfer. Posterior to turbinates, where the septul terminates, the left and right
nasal cavities merge into the nasopharynx.

Each turbinate extends the corresponding local length of the internal nasal cavity.
The inferior turbinate, which is the largest turbinate, runs almost parallel to the nasal
floor of the nose. The middle turbinate is located above the inferior turbinate. The
superior turbinate is the smallest turbinate, above the middle turbinate.

The meatus is the space below the turbinate. There are hence 3 meati: the
superior, middle, and inferior meatus. The nasolacrimal duct drains tears into the
inferior meatus. The middle meatus contains the semilunar hiatus, with openings of
the maxillary, frontal, and anterior ethmoidal sinuses (Sect. 2.1.1.3).

The nasal cavity can be subdivided into 2 compartments: the respiratory and
olfactory compartments. The olfactory cleft is a narrow cavity on each side of the
nasal septum at the top of the nasal cavity coated by the olfactory epithelium.

The respiratory compartment of nasal fossae have a highly vascularized lamina
propria. When venous plexus of the turbinate mucosa dilate, congested turbinates
restrict air flow and cause air to be directed to the other nasal passage.

The nasal cycle (mean duration ~180mn) is the alternating congestion and
decongestion of nasal turbinates due to activation of the autonomic nervous system
by the hypothalamus. Turbinates in 1 nasal fossa congest, whereas turbinates of
opposite fossa decongest. Changes in local airway caliber result from successive
cycles of vasodilation and vasoconstriction in the nasal mucosa, hence tissue
swelling and shrinking. Therefore, the 2 nasal cavities work synergistically, but
alternatively, to provide constant humidification, warming, and filtering.

The nasal walls are carpeted by a ciliated cylindrical pseudostratified epithelium.
A squamous pavement variety in the vestibule makes the transition to the columnar
respiratory epithelium. The purification function of the nose is due to ciliary motions
and mucus. The mucus is secreted by goblet cells and mucus glands of the wall. The
mucus intercepts and excludes at least large (size > 5—10 wm) solid particles seeded
in inhaled air. The epithelial ciliated cell has 25 to 100 cilia. The cilia undulate
from the front to the nasopharynx with a beating frequency of 3 to 20 Hz,'? driving
trapped particles toward the larynx and esophagus.

"The vomer participates in the choanal opening of the nasopharynx.

2The ciliary beat frequency of a given cell is constant. But the ciliary beat frequency of different
cells strongly varies [12].
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Fig. 2.4 Mesh of a nose and its paranasal sinuses reconstructed from computed tomography with
a facial box and a pharyngeal straight distal segment for air flow computations

The nose has its own musculature, which includes 4 principal groups: elevators,
depressors, compressor, and dilators. Blood is supplied by branches of both the
external and internal carotid arteries. Lymphatics arise from the mucosa and drain
posteriorly to the retropharyngeal ganglia and anteriorly to the upper deep cervical
ganglia. The nose has sensory trigeminal and motor facial supplies.

2.1.1.3 Paranasal Sinuses

Paranasal sinuses are air-filled cavities within the cranial bones around the nasal
fossae (Fig. 2.4). Each sinus is named accordingly to its bone site: (1) a maxillary
sinus per fossa, laterally; (2) several small ethmoidal sinuses on the side; (3) a frontal
sinus at the anterior angle of the nasal ceiling; and (4) a sphenoidal sinus at the
posterior angle of the nasal ceiling, behind the ethmoidal sinuses. Each sinus is
connected to the nose by an ostium.

The anterior ethmoidal cells open into the middle meatus. The frontal and
maxillary sinuses also drain into the middle meatus. The posterior ethmoidal
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cells communicate with the superior meatus. The sphenoidal sinus drains in the
sphenoethmoid recess, the space between the superior turbinate, the septum, and
the sphenoid front wall.

The paranasal sinuses are covered with a ciliated epithelium, which secretes
mucus. The paranasal sinuses thereby actively participate in the mucociliary
clearance.

2.1.2 Mouth

In strong effort, human subjects breath simultaneously through both nose and
mouth. During mouth breathing, air is neither filtered nor warmed as efficiently
as in nose ventilation. Mouth breathing is often associated with obstruction of upper
respiratory tract (e.g., adenoiditis).

The mouth consists of 2 parts: the outer vestibule, bounded externally by the lips
and cheeks, internally by the gums and teeth, and the inner buccal cavity (cavum oris
proprium). The vestibule receives the secretion from the parotid salivary glands. The
mouth cavity communicates with the pharynx by a constricted aperture, the isthmus
Sfaucium. It contains the tongue. It receives the secretion from the submaxillary and
sublingual salivary glands. A mouthpiece is placed in the vestibule for leakproof
flow during spirometry.

2.1.3 Pharynx

The posterior wall of the pharynx rests against the cervical vertebrae. The lateral
wall has openings of auditory tubes, or Eustachian tubes, communicating with the
middle ears. The pharynx branches off into 2 conduits, the esophagus and larynx,
thereby participating in both the respiratory and digestive functions.

The pharyngeal lumen is lined by a stratified epithelium, either cylindrical in the
nasopharynx, or pavimentous.

The pharynx is composed of 3 serial regions (Fig. 2.1). The nasopharynx extends
from the posterior choanae of the nose to the soft palate. The oropharynx is located
between the soft palate, superiorly, and the vallecula, inferiorly. Its posterior and
lateral walls are formed by the superior and middle pharyngeal constrictors. The
hypopharynx lies inferiorly from the tip of the epiglottis. Its posterior and lateral
walls are formed by middle and inferior pharyngeal constrictors. It leads posteriorly
to the cervical esophagus and anteriorly to the larynx.
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Table 2.3  Averaged dimensions (mm) of
adult larynx (Source: [13]). After puberty, the
female larynx does not develop significantly,
whereas the male one changes strongly with
cartilage enlargments

‘Woman Man
Length 36 44
Width 41 43
Antero-posterior bore 26 36
Circumference 112 136

2.1.4 Larynx

The larynx forms the lower part of the anterior wall of the pharynx. It is located
between the large vessels of the neck. Its vertical extent corresponds to the fourth,
fifth, and sixth cervical vertebrae, but it can have a higher situation in women and
childs. Averaged dimensions of the adult larynx are given in Table 2.3.

The larynx is the vocal organ and the conduit that separates food and air. A
swallowing reflex prevents foods and liquids from entering the glottal end of the
larynx. The epiglottis is a thin fibrocartilaginous lamella at the entrance to the
larynx, going upward behind the tongue root. Its free extremity is broad. The lower
part of its anterior surface is connected to the upper border of the body of the hyoid
bone by the hyoepiglottic ligament. The lateral edges are partly attached to the
pharynx wall.

Whereas the pharynx is a soft tissue conduit, the larynx contains bony and 9 car-
tilaginous structures: the hyoid bone, 3 unpaired cartilages (epiglottic, thyroid and
cricoid cartilages), and 3 paired cartilages (cuneiform, arytenoid, and corniculate
cartilages; Fig. 2.5). The cartilages are either hyaline (thyroid, cricoid, and most
of arytenoid) or elastic (epiglottic, corniculate, cuneiform, and vocal process of
arytenoid) in adults. The laryngeal cartilages and hyoid bone are connected by
intrinsic and extrinsic ligaments and membranes (Fig. 2.6).

The larynx has an intrinsic musculature (Fig. 2.6). When the false vocal cords are
closed by sphincter muscles, the folds form an exit valve acting during coughing,
air being explosively released.

Like the pharynx, the larynx possesses anatomical divisions. The supraglottis
contains the epiglottis, the aryepiglottic folds, the false vocal cord folds and the
ventricle.'® The glottis is characterized by the true vocal folds. The subglottis is the
distal part that leads to the trachea.

The vestibule is the region of the laryngeal lumen above the vocal folds. Its
section is wide and has a triangular shape with curved edges, the curved basis
corresponding to the anterior wall. The vocal folds have an elliptical lumen.

3The laryngeal ventricles are fusiform fossa, situated between the ventricular (false vocal) and
vocal folds.
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Fig. 2.5 Sections of the larynx (Source: [3]). (Top) upper view of the larynx. (Bottom left)

coronal section of the larynx. (Bottom right) sagittal section of the larynx

The rima glottidis, the lumen between the vocal folds laterally and the vocal
processes of the arytenoid cartilages behind, is the narrowest part of the laryngeal
lumen. Its length is about 23 mm and 17-18 mm in men and women, respectively.
The size and shape of the rima glottidis vary with the movements of the vocal



86 2 Anatomy of the Ventilatory Apparatus

Tubercle of
epigloitis
Cuneiform
cartilage
Corniculate
cartilage

Lateral hyothyroid tigament
Internal laryngeal nerve
Cartilage triticea

Superior larymgeal artery

Superior cornu
Thyroid noteh

Obligue line

Conus elasticus (lateral parts)

Middle cricothyroid ligament

Inferior cornu

Fig. 2.6 Laryngeal ligaments and muscles (Source: [3]). (Left) anterolateral view of the laryngeal
ligaments. (Right) posterior view of the laryngeal muscles
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Fig. 2.7 Laryngeal ligaments and muscles (Source: [3]). (Left) side view of the laryngeal muscles,
with removed right part of the thyroid cartilage. (Right) top view of the laryngeal muscles
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folds and of arytenoid cartilages during respiration and phonation. At rest, the rima
glottidis has a triangular shape with an anterior apex. During extreme adduction of
the vocal folds (apposition of the vocal folds), the rima glottidis is reduced to a slit.
In extreme abduction of the vocal folds, as in forced inspiration, it nearly becomes
lozenge-shaped.

The larynx is the phonation organ. The vocal ligaments within the vocal folds are
tensed under the control of cartilage displacements produced by involved muscles
(cricothyroid, cricoarytenoid, vocalis muscles). The motion of the surface of the
vocal folds produces vocal sounds, which are articulated by the tongue, the lips and
the teeth.

The larynx is implicated in throat cleaning and coughing. Foreign matter and
mucus raised to the larynx by the tracheobronchial ciliary motion are dislodged by
the larynx.

The laryngeal mucosa is continuous with the pharynx one. The larynx wetted
surface is covered by a ciliated epithelium with some goblet cells, except the area
that is frequently in contact with food. The latter is lined by a stratified squamous
epithelium.

The larynx is irrigated by the laryngeal branches of the superior and inferior
thyroid arteries. The veins accompany the arteries. They drain either into the
superior thyroid vein (then into the internal jugular vein) or into the inferior thyroid
vein (then into the innominate vein). The lymphatic vessels consist of 2 sets,
superior and inferior.

The larynx receives both motor and sensory innervation. The larynx is innervated
by branches of the vagus nerve: (1) the superior laryngeal nerve, with its external
laryngeal branch, for sensation of the glottis and supraglottis and motor fibers to the
cricothyroid muscle; and, mostly, (2) the recurrent nerve via the inferior laryngeal
nerve for sensation of the subglottis and motor fibers to the intrinsic laryngeal
muscles.

2.2 Thoracic Respiratory System

The intrathoracic part of the respiratory tract starts (inhalation) or ends (exha-
lation) at the superior thoracic aperture, which is surrounded by the clavicles.
The intrathoracic airways and the lung parenchymas are located in the thoracic
cage.

2.2.1 Chest Wall

The thoracic cage, or chest wall, is formed by: (1) bones and (2) muscles moored to
these bones.
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Fig. 2.8 Bones of the
thoracic cage (Source: [3])

2.2.1.1 Thoracic Bones

The bones include the ribs, spine column, with the thoracic vertebrae T1 to T12, and
sternum (Fig. 2.8).

The 3 types of ribs include: (1) true ribs R1 to R7, with their own costal cartilage;
(2) false ribs R8 to R10 that share a common costal cartilage; and (3) floating
ribs R11 and R12, without costal cartilage.

The sternum is composed of 3 elements: (1) the manubrium, with the first and
second costal cartilages; (2) sternal body (third to seventh costal cartilages); and
(3) the xiphoid process.

The skeleton wall is articulated with the sternocostal and chondrocostal joints
anteriorly, between the sternum and each costal cartilage and between each costal
cartilage and respective rib, and the costovertebral joints posteriorly, between each
ribs and the transverse process of the corresponding vertebra.

2.2.1.2 Thoracic Muscles

The musculature of the thoracic cage comprises the intercostal muscles and the
diaphragm. The thoracic cavity is enlarged when air is sucked into the lungs due
to the contraction of the inspiratory muscles: the diaphragm dome goes down and
the rib cage rises.

The rib cage size increases in the sagittal and transverse directions because
ribs R1 to R7 rotate and ribs R9 to R12 bow out laterally and in the axial direction
due to the diaphragm contraction causing a caudal displacement. The lungs are
stretched.
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Fig. 2.9 Diaphragm Xiphoid process
(Source: [3]) .

The quiet inspiration requires the diaphragm and the external intercostals, with
an airway downstream pressure slightly lower than the atmospheric (upstream) one
(—0.2kPa). The quiet expiration is, in general, assumed to be passive, owing to
shrinkage of the lung and of the chest wall associated with elastic recoil.

During active inspiration, additional muscles are mobilized, essentially the
scalenes and sternomastoids, which elevate the 2 first ribs and sternum. The active
expiration requires the abdominal muscles and internal intercostals, which pull ribs
downward and inward.

Diaphragm

The diaphragm is the primary muscle for inspiration (Fig. 2.9). This thin dome-
shaped muscle separates the thoracic cavity from the abdominal one.

The diaphragm pulls the chest downward during inhalation, displacing the
abdominal content downward and frontward. It pushes the lower ribs outside and
the lower part of the sternum frontward. Consequently, the thorax height and the
tranverse section of the thorax base increase.

The diaphragm pushes upward during exhalation. The diaphragm displacements
have a magnitude from about 1 cm at rest to approximately 10 cm during ample
breathing.

The diaphragm inserts, peripherally, on the lower ribs, on the posterior face of the
xiphoid process, and on bodies of lumbar vertebra via 2 pillars or crura, the left and
right crus, on L1 and L2 on the left edge, on L1 to L3 on the right side, and, centrally,
on its fibrous central tendon. The central tendon, a thin, strong aponeurosis situated
near the center of the vault, is composed of 3 leaflets (right, middle, and left).



90 2 Anatomy of the Ventilatory Apparatus

Several organs cross the diaphragm via apertures. The inferior vena cava passes
through the vena caval foramen of the central tendon, at the junction of the right
and middle leaflets, with branches of the right phrenic nerve. The esophagus passes
through the esophageal opening, or hiatus, defined by diverging fibers of the right
crus, with the vagus (pneumogastric) nerve, the left gastric and esophageal vessels
and lymphatics, at the level of the tenth thoracic vertebra (T10). The aorta travels
behind the median arcuate ligament, formed by the curved merging of the right and
left crus, through the aortic opening with the azygos vein and the thoracic duct, at
the T12 level.

The diaphragm is supplied by the phrenic nerve from cervical segments C3, C4,
and CS5 for the motor inputs and phrenic, intercostals (6—12), and upper 2 lumbar
roots for sensory ones.

The upper surface of the diaphragm is covered by the pleura and pericardium,
the lower surface partly by the peritoneum.

External Intercostals

The external intercostals, the external layer of the intercostal muscles, go obliquely
downward and inward from the inferior border of the ribs to the superior border of
the subjacent ribs.

The external intercostals elevate the rib cage. They then increase the lateral and
anteroposterior dimensions of the thorax.

The external intercostals receive branches of the intercostal nerves.

Internal Intercostals

The internal intercostals, the internal layer of the intercostal muscles, also link
adjacent ribs. They take the opposite path with respect to the external intercostals,
going diagonally downward and outward.

The internal intercostals pull the ribs downward and inward, thus decreasing the
thoracic volume during ample expiration.

Deep Intercostal Muscles

The transversus thoracis, innermost intercostal, and subcostal muscles constitute
the deepest layer of intercostal muscles from the anterior to the posterior region,
respectively.

Other Contributing Thoracic Muscles

The thoracic musculature involved in respiration includes additional muscles. The
pectoralis minor are small chest muscles, which pull up on the rib cage, elevating it.
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The serratus posterior superior, the levatores costarum, and the serratus posterior
inferior attach the ribs to the vertebral column. They assist in respiration, the former
two raising and the latter lowering the ribs, when they contract.

Participating Cervical Muscles

Certain cervical muscles are used as rib cage lifters when needed, such as the
sternocleidomastoids and the scalenes. The scalenes and sternocleidomastoids raise
and push out the upper ribs and the sternum.

Participating Abdominal Muscles

During strong expiration, abdominal wall muscles are involved, such as the rectus
abdominus, the internal and external obliques, and the transversus abdominus.
They push up the diaphragm, increasing the pleural pressure, and consequently, the
alveolar pressure.

2.2.2 Mediastinal Airways

The intrathoracic part of the respiratory conduits can be decomposed into a
mediastinal compartment, which comprises the distal (caudal) segment of the
trachea and proximal segments of its bifurcation branches, the main bronchi, and
the intraparenchymatous respiratory tract down to the alveoli.

2.2.2.1 Mediastinum

The mediastinum is the chest space between the sternum (front), the spine column
(rear), and the lungs (sides). It contains the heart and its afferent and efferent vessels,
and their branches and tributaries,* thymus, trachea and main bronchi, esophagus,
lymph vessels and nodes, in particular the thoracic duct, the largest lymphatic vessel
of the body, as well as nerves and neural plexus.

The mediastinum is decomposed according to the body axis into superior and
inferior regions. The superior and inferior mediastina are the region of the thorax
above and below the sternal angle, i.e., above and below the junction between the
manubrium and the sternum body (above T4-T5), respectively.

4 The azygos vein, which drains into the inferior vena cava, receives the intercostal veins. The
hemiazygos vein drains into the azygos vein.
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Fig. 2.10 Anterior view on
an isolated trachea )
(Source: [3]) b cteng

Inferior
Cornu, —

The mediastinum is also subdivided according to the anteroposterior axis (across
the sagittal plane) into 3 zones: anterior, middle and posterior. The middle and
anterior parts of the inferior mediastinum contain the heart enclosed in its pericardial
sac. The esophagus and trachea travel in the posterior mediastinum.

2.2.2.2 Trachea and Main Bronchi

The trachea is a conduit (length 12-14 cm, width 13-22 mm, sagittal size 3—
6 mm) supported by U-shaped cartilaginous rings (Fig. 2.10). Sixteen to twenty
irregular, eventually branching, dorsally incomplete cartilaginous rings reinforce
the tracheal wall that nevertheless remains flexible. Connective tissue and bands
of smooth muscle bridge posterior ends of supportive cartilage. Partial cartilaginous
rings induce a set of irregularly spaced flanges over the inner and outer tracheal
surfaces, as wall narrows in the intercartilaginous segments [14].

The tracheal cranial end, at the level of the sixth cervical vertebra (C6), is
attached to the cricoid cartilage. The trachea descends the lower neck, crosses the
superior aperture of the thorax and the upper posterior mediastinum, and divides.
Both tracheal ends are hence mobile.
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The tracheal shape and size vary with head and neck motions. Furthermore, the
tracheal configuration and dimensions also change during the respiration, especially
during ample thoracic displacements.

The cross-sectional shape of excised tracheas varies throughout the tracheal
length [15]. As is the transverse section of any deformable pipe, the tracheal cross
section depends on the intrathoracic pressure. During forced expiration [16] and
cough, the tracheal lumen, although supported by cartilaginous rings, collapses with
a deep invagination of its soft dorsal wall, whereas it widens during deep inspiration.
In addition, the tracheal shape can be deformed by possible prints of neighboring
organs, such as the aortic arch. Last but not least, the tracheal anatomy changes more
or less strongly from one subject to another [15].

The trachea travels with several blood vessels, nerves, and esophagus. It runs near
the thyroid gland and the remains of the thymus. Its anterior surface is in relation to
the inferior thyroid veins, the anastomosing branches between the anterior jugular
veins in the neck, as well as the left brachiocephalic vein and aortic arch with the
brachiocephalic and left common carotid arteries, in addition to the deep cardiac
plexus in the thorax. Its lateral walls are in relation to the inferior thyroid arteries and
recurrent nerves in the neck. Its right side runs with the right vagus, the innominate
artery and its left side with the left recurrent nerve, aortic arch, and left common
carotid and subclavian arteries.

The tracheal wall is composed of 2 main regions, a posterior fibromuscular
membrane and an anterolateral wall with incomplete cartilaginous rings. The
cartilaginous rings are incorporated in a connective tissue with elastin and collagen
fibers. The pars membranacea is composed of transversally oriented fiber bundles.
The myofibers are inserted on the posterior tips of the cartilage. The submucosa
contains nerves, lymphatics, blood vessels and glands. The glands, especially
located in the intervals between cartilages and externally to the tracheal smooth
muscle, secrete mucus.

The tracheal epithelium mainly with ciliated cells and goblet cells (~1 goblet
cell for 5 ciliated cells) lines the luminal surface (Vol. 1 — Chap. 3. Cells of the
Ventilatory Tract). Ciliated cells (height 40—60 um) have a row of several hundred
cilia at the apical wetted surface. Goblet cells are located singly or in groups
between ciliated cells. They secrete mucus; their cytoplasma contains mucous
vacuoles. Brush cells are another cell type with apical microvilli (length ~1 pum,
bore ~100nm) [17]. They are also characterized by apical corpuscules and some-
times few cilia. Brush cells could either be sensors or precursors of ciliated cells.

The tracheal epithelium lies on a basement membrane, and beneath it, on a
lamina propria. The lamina propria contains nervous and vascular networks. It
is pierced by glandular ducts. The lamina propria is composed of collagen fibers
and elastin bundles. The submucosa is the middle stratum of the trachea. It is
made of connective tissue in which exist tracheal glands, blood vessels, nerves,
and lymphatics. The fibrosa is the external layer of the trachea, which contains
hyaline cartilage. Connective tissue lies outside the cartilage and extends between
the tracheal rings. It contains nerves, blood vessels, and the paratracheal lymph
nodes. The cartilaginous partial rings can fuse with adjoining cartilages.
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The trachea is supplied by the inferior thyroid arteries. The veins drain in the
thyroid venous plexus. The nerves are branches of the vagi and recurrent nerves. The
trachea also receives sympathetic inputs. Nerves distribute to the trachealis muscles,
gland, and epithelium.

The trachea bifurcates into left (bore 10-14 mm, length ~50mm) and right
(bore 12-16 mm, length ~25mm) main bronchi, or stem bronchi, at the level of
the fourth thoracic vertebra or at the upper border of the fifth thoracic vertebra
(T4-T5). The division region is characterized by a transition zone to adjust
the size of the 2 asymmetrical branches, and a more or less angulated carina.
The caudal end is attached to the pericardium and diaphragm by the membrana
bronchopericardiaca.

The right main bronchus is shorter than the left one. The left main bronchus
branches off at a sharper angle than the right one. Foreign bodies penetrate more
easily in the right stem bronchus because of its smaller branching angle. Both stem
bronchi enter the respective lungs through the hilum with lymph and blood vessels
and nerves.

The azygos vein arches over the right main bronchus. The right pulmonary artery
lies below and then in front of it. The left main bronchus passes beneath the aortic
arch. It is in relation to the thoracic duct and descending aorta. The left pulmonary
artery is above, then in front of it.

2.2.3 Lungs

The lung is a cone-like organ on each side of the thorax (Fig. 2.11). A registration-
based technique enables the estimation of the local lung expansion from multiple
respiratory-gated CT images of the thorax, hence assessing regional pulmonary
ventilation and specific volume change [18]. The degree of regional pulmonary
expansion is measured using the Jacobian (a function of local partial derivatives)
of the registrated displacement field.

2.2.3.1 Lung Configuration

Each lung presents a rounded apex into the root of the neck, an inferior upward
convex base, 3 borders (thin inferior and anterior and broad posterior edges), and
2 faces (external costal and internal mediastinal with pericardial impression).

The base of each lung contacts the upper surface of the diaphragm, extending to
the level of rib 7 anteriorly and rib 11 posteriorly. The right lung is larger than the
left, owing to the presence of the heart.

The lung apex is crossed by the subclavian artery and brachiocephalic vein. The
lung base has the same curvature as the diaphragm dome. On its mediastinal face,
the lung possesses a hilum enclosed by a reflection of the pleura (Fig. 2.12).



2.2 Thoracic Respiratory System 95

Cul edge of pericardim

Left wuricula

Fig. 2.11 Anterior view on the lungs, trachea, heart, and large thoracic blood vessels (Source: [3])

Groove for lefi subelawian ariery
Groove for lefi innominate vein

#up. vena com g

Pulmonary
Pulmanary
arlery

Fig. 2.12 Mediastinal faces of the right (left) and left (right) lungs with hilum (Source: [3])
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The hilum is the passage for airways, entering and exiting blood vessels,'> lymph
vessels connected to ganglions, and pulmonary nerves.

The inferior lung border corresponds to the sixth rib, anteriorly, and the thoracic
vertebra T10, posteriorly. The inner edge is delimited by the mid-axillary line. The
superior border extends slightly through the thoracic aperture into the base of the
neck.

2.2.3.2 Lung Parenchyma

The lung parenchyma can be considered as a deformable three-dimensional tissue
network made of interconnected sheaths and septa between pulmonary compart-
ments (lobes, segments, lobules, and acini) as well as between alveoli (Sect. 2.2.3.7).

The set of alveolar septa, each septum containing many alveolocapillary mem-
branes, delimits the alveolar spaces, sites of gas exchange. The sheaths embed the
respiratory conduits, blood and lymphatic vessels, and nerves. The fissures and
interlobar, -segmental, -lobular, and -acinar septa delineate the anatomical structure
of the lung parenchyma.

2.2.3.3 Pulmonary Anatomical Segmentation

Both lungs are divided into lobes separated by fissures, 2 horizontal and oblique over
the right lung and 1 oblique over the left lung (Table 2.4). The interlobar surfaces
are covered with visceral pleura, so that the lobes slide against each other like lungs
within the thorax.

The accurate identification of fissures helps in the early detection of pathologies
and in the regional functional analysis of lungs. Automatic segmentation of the
fissures can be based on information provided by segmentation of airway and
vascular trees [19].

The right lung has 3 lobes, the left 2 (Fig. 2.12). Pulmonary lobes are subdivided
into segments (Table 2.5), themselves into lobules.

Each segment is named according to its position. The right superior lobe has
3 segments (apical, anterior, and posterior); the right middle lobe 2 (medial and
lateral); and the right inferior lobe 5 (superior, anterior basal, lateral basal, posterior
basal, medial basal or cardiac). The left upper lobe has 2 compartments: (1) superior,
with 3 segments (apical, anterior, and posterior); and (2) inferior or lingular, with
2 segments (superior and inferior). The left lower lobe comprises 5 segments (apical
[superior], medial basal, anterior basal, lateral basal, and posterior basal).

The surface of the right lung has a horizontal fissure, which separates the upper
lobe from the middle lobe, and an oblique fissure delineating the lower lobe. The

5The pulmonary artery penetrates between the bronchus, accompanied with the bronchial arteries
and veins and pulmonary veins.
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Table 2.4 Lung segmentation

Right lung

Left lung

Upper lobe

Intermediate lobe

Lower lobe

Upper lobe

Lower lobe

Apical segment
Anterior segment
Posterior segment
Medial segment

Lateral segment
Nelson’s upper segment
Lateral basal segment
Anterior basal segment

Posterior segment
Apical segment
Anterior segment
Upper segment

Lower segment
Nelson’s upper segment
Anterior basal segment
Lateral basal segment
Medial basal segment
Posterior basal segment

Table 2.5 Lobes and segments of the human lungs

right lung left lung
Lobe Segment Lobe Segment
Upper Apical Upper Superior, apical
Posterior Superior, anterior
Anterior Superior, posterior
Lingular, superior
Lingular, inferior
Mid Lateral
Medial
Lower Superior basal Lower Superior basal
Medial basal Medial basal

Anterior basal
Lateral basal
Posterior basal

Anterior basal
Lateral basal
Posterior basal

right lung surface has a depression created by the superior vena cava. The left lung

surface has a groove made by the aortic arch and the cardiac impression.

2.2.3.4 Pleura

97

The pulmonary parenchyma is attached to and enclosed by the pleura. The inner

surface of the chest wall is covered by the parietal pleura. This parietal leaflet is

separated from the visceral pleura by a thin layer of lubrification fluid. Both pleural
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leaflets freely slide with respect to each other. The pleural blades fuse at the lung
hilum. The pleura below the hilum and behind the pericardial impression forms the
pulmonary ligament, which extends between the lower part of the lung mediastinal
surface and the pericardium.

The visceral pleura invaginates into the fissures between the lung lobes. The
parietal blade is commonly decomposed into 3 parts. The mediastinal pleura from
the lung dome (or apex) to the basis between the sternum (front) and the spine
column (rear). The diaphragmatic pleura adheres to a fraction of the diaphragm
dome, outside the heart region. The costal pleura covers the internal face of ribs and
intercostal spaces. The costodiaphragmatic recess is the inferior cavity between the
lung base and the diaphragm. The costomediastinal recess is the junction between
the mediastinal and costal pleura.

Pleural Fluid

The 2 layers of pleura are separated by a thin fluid space (thickness of 20-80 pm).
The pleural fluid is formed on the parietal pleura at a rate of 7—-11cm? per hour
(estimated turnover of about 0.15 ml/kg per hour). It is reabsorbed by parietal pleural
lymphatics. The pleural liquid volume is 20-25cm?® (about 0.3 ml/kg) [20]. The
pleural liquid is hypo-oncotic, containing about 1 g/dl of proteins. The pleural space
and the lung interstitium behave as functionally independent compartments, because
the visceral pleura is only slightly permeable to water and solute.

The flow rate in pleural lymphatics increases when pleural liquid filtration rises,
thus controlling pleural liquid volume. A 10-fold increase in filtration rate causes
only a 15% increase in pleural liquid volume. Maximum pleural lymph flow reaches
about 30ml per hour. When filtration exceeds maximum pleural lymphatic flow,
pleural effusion occurs.

Pleural Structure and Function

The pleura is relatively thick in humans. Mesotheliocytes of the parietal and visceral
pleurae are similar in structure and functions. But they act differently in the material
resorption from the pleural space. The parietal pleura functions as a barrier for the
particle conveyed in the pleural lymphatics on the intercostal muscles. The visceral
pleura can resorb inhaled particles.

The mesothelium of the visceral pleura lies on a connective tissue layer bound
to a deep fibrous sheet with 1 or 2 strata of collagen fibers and a network of elastin
fibers, interwoven with collagen bundles. These fibers adapt to the heterogeneous
applied tension during lung expansion. The fibers are connected to the vascular
layer'® and septa of subpleural pulmonary lobules.

16The vascular layer lies on the lobular wall. It contains blood and lymph vessels.
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Fig. 2.13 Posterior view on the lungs and pulmonary vessels (Source: [3])

Fibroblasts and macrophages as well as many capillaries and lymphatics reside
between the connective tissue fibers beneath the mesothelium.

Pleural Perfusion and Innervation

The pleura is perfused by branches of the intercostal, internal mammary, muscu-
lophrenic, thymic, pericardiac, and bronchial vessels. The veins follow the arterial
paths. The visceral pleura is irrigated by a coarse mesh of relatively large vessels.!”
The parietal pleura contains sensory nerve fibers from the phrenic and intercostal
nerves. The visceral pleura contains nerve fibers of vagal and sympathetic origin.

2.2.3.5 Pulmonary and Bronchial Vessels

The blood vessels belong to both the pulmonary circulation (Fig. 2.13) devoted to
gas exchange and the systemic circulation dedicated to cell metabolism.

Like the tracheobronchial tree, pulmonary arteries for blood oxygenation and
bronchial arteries for bronchus perfusion down to the pulmonary lobule divide to
form trees.

7The smallest vessels have a relatively great bore (~30 pm).
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Pulmonary arteries follow bronchioles and alveolar ducts, providing twigs to
adjacent alveoli. These arteries then supply alveolar sacs and alveoli. Pulmonary
capillaries form the framework of alveolar walls. Oxygenated blood returns to the
left atrium via the pulmonary veins using interlobular spaces whereas systemic veins
follow the course of their arterial partners.

The systemic circulation arises from the aorta and intercostal arteries. The
systemic circulation supplies blood to the pulmonary structures, bronchi down to
respiratory bronchioles, and pulmonary vessels. Like alveolar capillaries, bronchial
capillaries and peribronchial veins can drain in the pulmonary veins.

The vessel paths and sizes vary during the respiratory cycle, the lung parenchyma
and blood vessels being tight by sleeves of connective tissue. Both arteries and veins
adjust their position and size according to the lung volume via intertwining fibers
between airway and alveolus lattices and vascular sleeves.

In addition, a periarterial plexus of lymph vessels dampens the changes in
arterial bore associated with pressure wave propagation. The latter enhances lymph
propulsion toward the pulmonary hilum.

2.2.3.6 Vascular and Nervous Plexus

Capillary plexus are observed in bronchi, as well as a capillary network beneath the
pleura.

The lung is supplied from the anterior and posterior pulmonary plexus, mainly
formed by branches of the sympathetic system and vagus nerves. The nerves are
made of fibers associated with the bronchial muscle and mucosa as well as alveolar
septa. Small ganglia are associated with these nerves.

2.2.3.7 Lung Interstitium — Fibrous Lung Framework

The interstitium is the supporting lung framework. It contains cells, mainly fibrob-
lasts and pericytes on the capillary outer surface (~40% of the lung cell population),
and fibers. The ground matrix is made of proteins and mucopolysaccharides (or
glycosaminoglycans; Vol. 1 — Chap. 8. Cell Environment).

The lung connective tissue is a fibrous continuum that includes: (1) sleeves that
surround packages of blood and lymph vessels, nerves, and airways; (2) interlobar,
interlobular, and between-acinus sepra; and (3) visceral pleura.

The connective tissue represents 20-25% of the lung dry weight. It contains
elastin, collagen, proteoglycans, and glycoproteins.

Elastin fibers, the most extensible fibers, are responsible for expiratory recoil and
tension transmission throughout the lung parenchyma.

Collagen fibers has a similar pattern than that of elastin fibers. They support the
pulmonary architecture and limit the extensibility of airways and alveoli as well as
vascular walls. Collagen is a major component of the pulmonary connective tissue,
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via collagenous and reticular fibers.'® Collagen 1'° is found in the bronchovascular
sheaths and other parts of the lung parenchyma, collagen 2°° in the tracheobronchial
cartilage, collagen 3 in blood vessels, and collagen 4 in basement membranes.

2.2.3.8 Pulmonary Acinus

The lungs are partitioned into basic ventilatory compartments: the pulmonary acini.
Each acinus contains a sequence of branched conduits connected to terminals of the
conducting airway tree. The acinus is the smallest respiratory compartment unit of
the lung in which all constituent alveoli (basic functional units) are ventilated by the
same transitional bronchiole that arise from a given set of terminal bronchioles.

Intraacinar airways include respiratory bronchioles and alveolar ducts coated by
gas-exchanging alveoli. Each alveolar duct opens into an alveolar sac,”! a region
into which a group of alveoli that share a common wall at their mouths open. In
other words, an alveolar sac is the common space, or atrium, into which the alveolar
duct open distally and via which terminal alveoli communicate, i.e., receive fresh
air and expel air supplied with carbon dioxide. Therefore, an alveolar sac is limited
by ends of alveolar walls and mouths of alveolar cavities. The alveolar sac, the
terminal generation of the bronchial tree, with its ventilated alveoli represents an
airway cul-de-sac. Each alveolus is lined by a single layer of epithelial cells.

Reconstruction from high-resolution (isotropic 2-um resolution) computed
tomography images and quantitative study by image analysis permit to determine
the architecture and structure of pulmonary acini, in particular computations of
acinar volume and surface area, in addition to estimation of the number of alveoli
and capillaries per acinus using a stereologic method [21]. The volume, surface
area, and number of alveoli in the acinus are higher in old mice than in young mice.
Nonetheless, the surface-to-volume ratio and alveolar density are not significantly
different. The acinar volume is 50% greater in old mice than in young mice, whereas
total lung volume is 66% larger.

2.3 Tracheobronchial Tree

Within each lung, the main bronchus generates a bronchial tree composed of
successive generations of respiratory conduits (Fig. 2.14). The greater the duct
generation level, the shorter and narrower the respiratory pipes, and the higher

18Reticulin is made of collagen and glycoproteins.
19Collagen-1 is composed of 2 al and 1 a2 chain. It is mostly synthetized by fibroblasts.

20Collagen-2, -3, and -4 are made of 3 a1 chains, the ol chain having a composition that varies
according to the collagen type.

21Sacculus alveolaris (pl.: sacculi alveolares).
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Fig. 2.14 Mesh of the proximal part of the tracheobronchial tree. Functionally, the respiratory
tract is composed of 2 main regions: the conducting airway (nasal cavity and associated sinuses,
pharynx, larynx, trachea, bronchi, and bronchioles) and the respiratory zone (respiratory bronchi-
oles and alveolar ducts and sacs) within pulmonary acini. The tracheobronchial tree consists of
large extra- and intraparenchymal (~5 generations) and small (~15 generations) bronchi. Three-
dimensional reconstruction from processing of images acquired by current techniques of medical
imaging allows the extraction of a tree down to the generation 6 to 7

the conduit number. From the trachea, the tracheobronchial tree divides into
mostly paired branches of unequal length and diameter (irregular dichotomy). The
maximum number of branches varies according to path, the number of bronchial
divisions ranging from 17 to 26.

In adult lungs, the number of intrasegmental cartilaginous-walled generations
varies from 8 in the apical segment of the lower lobe to 11 in the lower lingular
segment [22]. The number of branchings down to the last cartilaginous bronchial
generation changes considerably. Bronchi have cartilaginous walls, but not bronchi-
oles.

Intraparenchymal airways include the distal segment (with respect to the facial
airway opening) of the main bronchi, lobar and segmental bronchi (Fig. 2.15), small
bronchi, terminal bronchioles that are the last purely conductive airways, respiratory
bronchioles, and alveolar ducts that lead to alveolar sacs and alveoli.

The terminal bronchioles correspond to the last bronchial generations that have
a complete respiratory epithelium. In adults, the number of terminal bronchioles is
estimated at 25,000.

The sizes of intrathoracic airways depend on lung volumes. In mouse airways,
the bore and length of small bronchi (caliber at FRC < 200 pm) rise to 68.8 and
29.5% in average from functional residual capacity (FRC) to total lung capacity
(TLC), respectively, using fast synchrotron radiation CT; the averaged values of the
bore and length of large airways (caliber at FRC > 400 um) increase to 45.2 and
22.9% at TLC, respectively [23].

The tracheobronchial tree can be subdivided into 2 main functional compart-
ments: (1) a conducting zone, which belongs to the anatomical dead space (Chap. 4);
and (2) a respiratory zone where gas exchanges occur (Tables 2.6 and 2.7).
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Fig. 2.15 Large bronchi in their respective lung compartment. The trachea divides into 2 main (or
stem) bronchi that give rise to intraparenchymal left and right bronchial trees. Inspired air can be
still filtered, warmed, and humidified as it passes through this compartment of conducting airways
before reaching the respiratory zone, where gas exchange takes place

Table 2.6 The 3 zones of the tracheobronchial tree with the corresponding generations Gi of a
23-generation model. Small intraparenchymal airways start with approximately generation G10.
At the level of G10, the wall cartilage disappears (before G10 in the short bronchial path down to
the alveolus level) and the number of smooth myocytes increases

Conduction zone G0-Gl16 Gas convection
Trachea GO Anatomical dead space
Main bronchi Gl

Lobar bronchi G2

Segmental bronchi G3

Subsegmental bronchi G4

Bronchi G5-G8

Small bronchi G9-G11

Bronchioles G12-G14

Terminal bronchioles G15-G16

Transition zone G17-G19 Alveolized airway wall
Respiratory bronchioles Moderate gas exchange

Gas diffusion

Respiratory zone G20-G23 Wall wholly dedicated to
Alveolar ducts G20-G22 gas exchange
Alveolar sacs G23
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Table 2.7 Geometry of the 6 first generations of the Weibel (regular dichotomy) model
of the tracheobronchial tree at 75% of the total lung capacity (Source: [24])

L dn Ry L/dy A >, A
Generation (mm) (mm) (mm) (mm?) (mm?)
0 120 18 9 6.7 254 254
1 47 12 6 39 113 226
2 19 8 4 24 50 201
3 7.5 5.6 2.8 1.4 25 197
4 12 45 22 2.7 16 254
5 10 35 1.7 29 10 308
6 9 2.8 1.4 32 6 394
Table 2.8 Qeometrical data L/d, ~35
of the branchings of the
tracheobronchial tree. Airway L/dy ~3.5
dimensions depend on age, dy/d 0.7-0.8
lung size, and lung inflation (GO-G16)
degree 2 A,/ A 1.20-1.25
Branching angle 64-100
R, 5-10 4,

The volume of the conducting zone (~150ml at rest, increasing during deep
breathing) is much smaller than the volume of the respiratory zone (~2.51). The
distance between the terminal bronchiole and alveolus is short (~5 mm) for efficient
gas exchanges.

2.3.1 Bronchi

Each bronchial tree is supplied by a suitable number of lobar bronchi. The right
pulmonary lobes receives air from the superior, middle, and inferior lobar bronchi,
the 2 latter being usually branches of a common stem. The left lung is ventilated
from the left main bronchi and its 2 branches, the upper and lower lobar bronchi.
Tertiary bronchi distribute air in the different segments of each lobe (segmental
bronchi).

Daughter bronchi usually arise from asymmetrical bifurcations. The area ratio,
i.e., the ratio between the cross-sectional area (A;) of the parent (stem) bronchus
(the local trunk, subscript 7) and the sum of the cross-sectional areas (}_ Ap) of
the daughter bronchi (local branches, subscript b), is commonly equal to about 1.2
(Table 2.8). Although the airway caliber decreases with branching, the cumulated
cross-sectional area quickly increases.
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Table 2.9 Bore and length

of the generations of the Generation Z;m) (me) L/dy
tracheobronchial tree for a
respiratory path with a large 0 15-22 100-120 6-7.5
number of respiratory pipe 1 10-15 30-50 34
generations 2 7-11 15-25 2
3-8 4.5-8 10-15 1.4-22
8-17 2-3.5 6.5-9.5 2.7-32
17-23 1-2 3-6 3
23-35 0.8-0.2 0.5-1 0.6-1.5

Table 2.10 Sizes (mm) of intrathoracic airways in 2 human subjects A
and B (Source: [25]; LMB, RMB: left, right main bronchus). In
subject B, range of variation of mean values measured in different
bronchi of a given generation

A B
Generation  Length  Caliber Length Caliber (mean)
0 98.7 13.2-152 2674 14.3
1-LMB 56.1 9.3-11.6 50.6 8.1
1 -RMB 26.6 10.2-14.2 222 13.1
2 18.2 6.4-9.7 10.0-31.8 8.9-10.1
3 12.8 45-6.4 9.3-11.0 5.2-7.6
4 14.1 3244 6.6-29.8 2.9-17
5 17.7 3.6-49 7.9-16.8 3.7-4.38
6 22.6 3.749 5.0-15.4 4.1-438
7 13.8 2.8-4.0

Branches are currently unequal in size. The curved bronchi become shorter with
a smaller bore with increased generation rank. The number of generations leading
to the pulmonary alveoli varies between the various territories.

Trifurcations and lateral branchings (a small bronchus branches off on the edge
of a large one) can be observed. All bronchi are enveloped by a connective tissue
sheath, the peribronchium. However, bronchioles (bore <1 jum) are incorporated
into the lung parenchyma (absence of sheath).

The Weibel model [24], in which the arborizing pattern assumes a regular
dichotomy, contains 23 airway divisions down to alveolar sacs (Table 2.6). The
trachea corresponds to generation zero (G0). Down to generation G11, the lumen
bore remains greater than 1 mm and the bronchial wall is composed of muscular and
connective tissues with partial cartilage rings for the first generations or complete
ones for the following generations. Bronchioles are devoid of cartilage, but have
the highest proportion of smooth myocytes relative to their size. Sizes of various
bronchial generations are given in Tables 2.9 to 2.15.
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Table 2.11
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Transverse (Tr) and anteroposterior (AP) cal-
ibers (mm) of the trachea and left (LMB) and right (RMB)
main bronchi in human cadavers (Source: [6]). Because the
airway cross-sectional shape varies along the airway length,
3 sections have been selected to measure the airway caliber
(stations in the entry, middle, and exit segments) when the
airway length exceeds 40 mm

Trachea LMB RMB
Tr AP Tr AP Tr AP
Station1  16.1 140 129 8.7 15.6  10.3
Station2 200 142 109 6.53 183 8.6
Station3  21.1 103 137  6.03
Table 2.12 Calibers (mm) of left superior (LSLB)

and inferior (LILB) lobar bronchi in human cadavers
(Source: [6]). Because the airway cross-sectional
shape varies along the airway length, 2 sections have
been selected to measure the airway caliber (stations
in the entry and exit segments) when the airway
length exceeds 12 mm

LSLB LILB

Long Short Long Short
Station 1 9.0 5.4 6.2 44
Station 2 10.1 5.4 7.1 4.5

Table 2.13 Caliber, length, cross-sectional area, and perimeter of different bronchi of generations
G2 to G5 in human cadavers (Source: [6]). The airway cross-sectional shape varies along the
airway length, but the airway length being lower than 12 mm, a single section has been selected
(midlength station) to measure the airway caliber. Small bore means edge-to-edge distance
perpendicular at midpoint to the largest possible caliber of the section

Generation Maximal Small bore Length Cross-sectional Perimeter
bore (mm) (mm) (mm) area (mm?) (mm)
G2 10.4 7.6 18.4 59.6 28.3
(RSLB) 9.0 6.2 9.0 435 24.1
(LSLB) 9.6 54 11.6 40.9 24.3
(LILB) 6.7 4.5 8.8 21.9 17.5
G3 4.5 3.2 8.5 10.4 12.1
9.3 4.7 3.8 37.5 29.9
4.4 3.6 11.7 12.4
54 4.3 10.9 18.5 15.6
7.5 4.1 4.6 279 20.3
5.9 34 7.2 15.6 15.0
(RILB) 5.8 6.0 6.7 294 20.1
(RMLB) 5.4 3.8 14.8 14.2
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Table 2.14 Caliber, length, cross-sectional area, and perimeter of different bronchi of generations
G2 to G5 in human cadavers (Source: [6])

Large bore Small bore Length Cross-sectional Perimeter

Generation (mm) (mm) (mm) area (mm?) (mm)

G4 34 2.4 6.3 9.6
3.2 2.4 5.9 8.8
4.9 3.6 13.0 13.2
39 3.1 9.4 11.2
4.9 34 12.1 12.9
5.9 3.9 7.1 16.5 15.2
3.1 2.7 6.1 9.0
3.9 2.9 8.9 8.9 10.9
3.0 2.3 5.2 8.4
32 2.6 5.0 8.4
3.5 2.8 8.1 10.3
5.7 3.5 8.3 15.2 15.2

G5 4.2 24 8.0 10.7
4.2 3.0 9.9 11.6
32 2.8 7.0 9.6
2.0 14 2.2 5.4
32 2.5 6.3 9.3
4.4 3.3 11.1 12.2

Table 2.15 Average area, centerline length, and average caliber of the first generations of
the tracheobronchial tree (Source: [26]; (IntBr: intermediate bronchus; LLLB: left lower lobe
bronchus; LMB: left main [stem] bronchus; LULB: left upper lobe bronchus; RLLB: right
lower lobe bronchus; RMB: right main [stem] bronchus; RULB: right upper lobe bronchus
[trifurcates])

Mean area Centerline length Mean caliber

Generation (mm?) (mm) (mm)
Trachea 160.9 267.4 14.3
Left lung

LMB 59.7 50.6 8.7
LULB (G2) 72.8 10.0 9.6
LLLB (G2) 63.7 12.9 9.0
Right lung

RMB 134.0 222 13.1
RULB (G2) 61.7 16.3 8.9
IntBr (G2) 79.8 31.8 10.1

RLLB (G3) 45.2 11.0 7.6
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Table 2.16 Approximated dimensions of lobular and acinar airways, with the airway generations
from the Weibel model (the pulmonary acinus can contain up to 12 generations). The airways of
the pulmonary acinus have parietal alveoli. In the acinus, communications exist between alveoli
and either other alveoli or bronchioles, Kohn pores and Lambert channels

L dy
(mm) (mm)
Pulmonary lobule (G5-G16)
Small bronchi 3-6 1-4
Bronchioles 2-3 0.6-1
Terminal bronchioles 1.5-2 0.5-0.6

Pulmonary acinus (G17-G23)

Respiratory bronchioles 0.9-1.5 0.4-0.5
Alveolar ducts 0.7-0.9 0.2-0.4
Alveolar sacs 0.15-0.25

2.3.2 Bronchioles

Bronchioles arising from small (terminal) bronchi produce 3 to 4 generations down
to the terminal bronchioles (Table 2.16).

In the Weibel model, the terminal bronchioles give birth to 3 successive
generations of respiratory bronchioles. However, 2 to 5 generations of respiratory
bronchioles can exist.

The last generation of respiratory bronchioles lead to alveolar ducts that convey
air to and from a set of alveolar sacs. Alveolar sacs are cavities bounded by a small
variable number of alveoli like, in ancient Roman houses,?? in which atria were
surrounded by rooms.

The terminal and respiratory bronchioles belong to the pulmonary pulmonary
lobule. More precisely, the first generation of terminal bronchioles marks the airway
entrance in the pulmonary lobule. A terminal bronchiole commonly divides into
2 branches, but one daughter duct can correspond to terminal bronchiole, whereas
the other is a respiratory bronchiole.

The first respiratory bronchiole corresponds to the entrance into the acinus, the
basic structural compartment of gas exchange. The respiratory bronchioles are the
first bronchioles along which alveoli appear for a minimal gas exchange. The nearer
the alveolar duct is, the higher the number of alveoli lining the bronchiolar wall.
The wall-implanted alveoli are irregularly spaced.

The last in a series of respiratory bronchioles engenders the first generation
of alveolar ducts. Alveolar ducts are completely covered by alveoli. The walls of
alveolar ducts are, indeed, exclusively constituted of entry tips of alveoli. Five or

22in Latin, domi.
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more ramifications with wall alveoli close to each other have been described. The
alveolar sac is the final (distal) closed end airway.

Nervous expansions can be observed in the epithelium, especially in branching
segments. Nerves can act on the quality of the mucus coat. Perimuscular plexus can
also be found in the airway walls.

2.3.3 Fractal Modeling

Conduit arborescence enables blood and air flow distribution at their common
interfaces, the air-blood or alveolocapillary barrier. This interface is characterized
by a very large surface area enclosed within a finite thoracic volume (high surface/
volume ratio).

The architecture of these trees was described by a fractal geometry. The fractal
geometry developed by B. Mandelbrot was applied, in particular, to the respiratory
tract [27].

Many fractal geometries in biological tissues and physiological apparatus was
thought to be aimed at fulfilling the structure—function relation. Given amounts of
O, and CO; are transferred to and from blood by a relatively small inhaled and
exhaled volume, respectively. During quiet breathing, the so-called tidal volume
(Vr = 500ml), mix in a total lung capacity (volume [TLC]) of 4 to 61 (V18—
13% TLC). Respiratory gases cross the air-blood barrier, the surface area of which
has an order of magnitude of 10? m.

In the lung, the respiratory tract is characterized by successive splittings that
give rise to more and more numerous, short, and narrow conduits. Bronchus
architecture appears almost similar at different scales. Its configuration at different
magnifications indeed resembles its macroscopic structure. In addition to the
property of scale invariance, or self-similarity and the absence of a characteristic
scale, the tracheobronchial tree, like a fractal tree, is heterogeneous. Moreover,
alveoli of terminal ducts (endpoints) are interconnected. Increase in size with
magnification is a property of fractals. The alveolar surface area is assessed to equal
80m? using light microscopy and 130 m? at higher magnification using electron
microscopy.

On the other hand, a nonfractal theory predicts that anatomical circuits are
stochastic networks of branched vessels unaffected by scaling, but only determined
by the tube size at each generation.

A simple exponential model was first used to describe a scaling relation between
the change in airway generation-averaged length (L) and hydraulic diameter (c?h)
and branch order from casts of human lungs, up to generation 10 [28]:

dy, = dy, exp{—ki} = dy, S'. 2.1

where S is a constant scaling (reduction) factor (or size ratio):
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S =exp{—k} <1, k=InS. (2.2)

Measurements in adult lungs of several mammals show that the bronchial length
and hydraulic diameter are linearly related over a wide range of generations (i) [29]:

Li = Aadh, (2.3)

In humans the average length-to-diameter ratio is Apq ~ 3.25.
Generation-averaged diameters between parent and child branches are related by
the following formula:

dy,, = dn, ST ST = dp, 8. (2.4)
The trunk-to-branch diameter ratio remains nearly similar throughout the tracheo-
bronchial tree. Fractal properties of intrapulmonary airways were then deduced.
An idealized model of the tracheobronchial tree was found to be characterized
by successive homothetic bronchi with a size ratio equal to S = 2—1/3 ~0.79,
at least for the first 10 bronchial generations, i.e., large and small bronchi [30].
The average diameters and lengths of bronchi were better fitted by a power
law in bronchial generation number modulated by a harmonic variation than the

exponential model [31]:
dn, = dp, i 7). 2.5)

Nonfractal configurations are generally characterized by a simple relation
between the surface area and volume.?® Unlike nonfractal configurations, fractal
lungs tackle gas exchanges with a size of order of magnitude of 10 cm.

The fractal theory of a space-filling fractal branching transport structure is based
on the principle of self-similarity, which states that the number of generation i
conduits is proportional to the dimensionless caliber

N; o dp” (2.6)

where D ~ p.

The idealized regular dichotomic model of the intrapulmonary respiratory tract
was assimilated to a fractal canopy. A fractal canopy possesses the following
3 properties: (1) the branching angle is invariant throughout the fractal; (2) the length
ratio of 2 consecutive generations is constant; and (3) endpoints are interconnected.
Intrathoracic airways were thus modeled by a branched fractal structure and sponge-
like fractal [32], the fractal geometry being high (can exceed 2).

2Fora sphere of radius R, the relation between surface area and volume is 3/R. When R is small,
the surface area—volume ratio is large. For a ratio similar to that of the lung, R ~ 0.1 mm.
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However, the finite nature of the respiratory tract limits the range over which self-
similarity scaling characteristics are applicable [29]. A harmonically-modulated
inverse power-law scaling was then used to describe tracheobronchial tree dimen-
sions. Compared to several other mammalian species, the human lung differs by the
phase of the harmonic modulation for both length and diameter measurements.

The fetal self-similar development of the airway tree was also analyzed quan-
titatively using fractal theory. Lung development happens in 3 main stages: pseu-
doglandular, canalicular, and saccular. In the early canalicular stage, during which
the mode of growth changes from self-similar branching to surface increasing, the
fractal dimension exceeds 2 (2.12 in early canalicular stage and 2.27 in middle
canalicular stage) [33]. In the late pseudoglandular stage, the fractal dimension
equals 1.73, i.e., similar to that obtained in human adult airways.

According to the Poiseuille law,* the flow resistance (R) is proportional to the
conduit length and inversely proportional to the fourth power of the diameter. The
resistance is thus proportional to S~ and the volume to S*. Assuming a constant
scaling factor, the volume and pressure drop can be written as [30]:

N
W= TVo(l+ ) @2S%).
r=1
A
Ry =Ro(1+)_ m). 2.7)

r=1

Resistance minimization in a 10-generation tree enclosed in a finite volume leads to
the optimal value S = 0.79. Lungs are close to optimality to ensure a safety range
and to enable airway caliber regulation [30].

In acinar airways (respiratory bronchioles and alveolar ducts and sacs), oxygen
is carried by diffusion. An analytical treatment (rope-walk approximation assuming
concentric diffusion space and membrane) and two-dimensional numerical com-
putations of oxygen transport were carried out in fractal, space-filling models
of the acinus (Sierpinski model with 3 and 4 branchings) to find whether O,
reaches the alveolar surface (unscreened transport) or not (diffusion-limited, partly
or completely screened transfer according to the travelled distance within the
acinus) [34]. Oxygen concentration (co,(X)) was supposed to obey the Laplace
equation in the diffusion space:

Vico, =0, (2.8)

with ¢g, = Coo, at the entrance to the diffusion space (cy: concentration in a feeding
reservoir). At the alveolar membrane surface,

24The Poiseuille flow, a steady fully developed flow in a straight pipe with a uniform circular cross
section, cannot be observed in anatomical conduits. Yet, it is used to assess flow resistance.
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Table 2.17 Transport parameters of oxygen flux at 310 K (Source: [35]). Membrane permeability
Dmb Smb

is here given by - o [L-T~1
Sair
Property Symbol Value and unit
Diffusivity in air Dair 0.243 cm?/s
Diffusivity in membrane Db 3.08 x 107° cm?/s
Solubility in air Sair 3.89 x 1079 mol/cm?/Pa
Solubility in membrane Smb 1.05 x 10~ mol/cm?3/Pa
Membrane thickness h 1110 nm
Membrane permeability P 7.39 x 1073 cm?/s

DVCOZ ‘n = P(COZ — Cboz)’ (29)

with D as the diffusion coefficient, n(x) the surface normal vector pointing into the
diffusion space, P the permeability (number of molecules crossing the membrane
per unit time, unit surface area, and unit concentration difference between the
2 sides of the membrane), and ¢y, the concentration in blood. The lung was found to
operate in the partial screening regime (almost the unscreened transport) during rest
breathing and in the nonscreening regime during exercise. In a subsequent work,
oxygen was assumed to travel through 14 generations of bronchi and 9 generations
of acinar airways to reach the air—blood barrier of alveoli connected to alveolar
sacs [35]. The transition from convection to diffusion then occurs at generation
G18, G19, G20, and G21 at rest and moderate, heavy, and maximum exercise,
respectively. Oxygen transfer from air to blood was modeled by a 3-step process:
diffusion through the acinar airways, diffusion across the membrane (air-blood
barrier and plasma), and diffusion and binding to red blood capsules.

J = Taw(Pairo, = Po,) = TL(Pairo, — PRBCo, ) (2.10)

where po, is the oxygen partial pressure in air (subscript air), blood (subscript b),
and red blood capsules (subscript RBC), T, = PAesr and Ty = DmpSmvAerr/ b
are the lung and membrane diffusing capacity (A4.yy: effective (accessible) surface
area of the gas exchanger, a renormalization treatment decomposing the air—blood
barrier surface with fractal dimension D ¢ into regions completely accessible, partly
accessible, and completely inaccessible to oxygen (Table 2.17).

However, the architectural intricacy results from asymmetrical branching. In
addition to intersubject variability, an intrasubject variability in dimensions exists
for any bronchial generation 7. Branching is irregular, as: (1) branch diameters
(dn,, = va d;l. and dy,,, = [1 — yd)d;l.) and lengths vary and (2) terminal branches
are reached after a varying number of generations.

Several types of geometrical asymmetry exist, which can be combined: (1) bifur-
cation with branches of different cross-sectional areas, and thus given area ratios
(Aa, = Ab,/A); (2) bifurcation with branches of similar bores but different
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branching angles, the branching angle being the angle between the branch and trunk
axis (most often, conduit axes are nonplanar); (3) branching that gives rise to a
side branch with a smaller caliber (Ao < 1) and given branching angle, whereas
the trunk direction changes only moderately. Three main modes of branching are
assumed to include lateral branching and planar and orthogonal bifurcations.

These geometrical variations create asymmetrical flows between branches and,
hence, differences in ventilation between pulmonary territories. Size variability
between sister bronchi must be optimized according to the length and mechanical
properties of bronchial paths from the trachea to alveolar sacs as well as associated
vasculature to ensure proper ventilation-to-perfusion ratios.

2.3.4 Bronchial Walls

The bronchus wall consists in 5 layers: a mucosa, muscularis, submucosa, fibro-
cartilaginous layer, and peribronchial stratum. The structure of the bronchial walls
varies with the size. Walls of large bronchi are similar to the tracheal wall.
Walls of medium-sized bronchi have irregular, often helical, cartilaginous rings, a
muscular layer, and a venous plexus between the muscularis and fibrocartilaginous
layer.

The bronchial mucosa is composed of an epithelium, a basal lamina and a
tunica propria. The epithelium contains ciliated and goblet cells, as well as Clara
cells. The number of goblet cells in the large bronchi is greater than in the trachea.
The number progressively decays with a reducing bore. The epithelium protects
the lungs. Particles of size greater than 5um are stopped in the bronchi. The
epithelium has a regeneration capability. The tunica propria has elastin and collagen
fibers and capillaries. Glands progressively disappear from the bronchi to the
bronchioles.

The submucosa contains bronchial glands. The submucosa progressively
becomes distally thinner. The fibrocartilaginous layer possesses discontinuous
plates of hyaline cartilage and a fibrous connective tissue. The bronchial cartilage
supports are embedded into elastin and collagen fibers. A tunica fibrocartilaginea
thus results. Bronchi can thereby lengthen and widen or shorten and become
narrower during the respiratory cycle, especially when ventilation motions
are ample. In large bronchi, elastin and collagen fibers are predominantly
arranged in longitudinal bundles. In small bronchi, these bundles are obliquely
oriented. At bi- and trifurcations, cartilages form saddles. The peribronchial layer,
rich in elastin fibers, separates the wall of the bronchus from the pulmonary
parenchyma.

In large bronchi, the muscularis bridges the cartilage tips. In medium-sized
bronchi, the smooth muscle detaches from the cartilage. A connective tissue
separates the cartilage and the musculature. In small bronchi, the space between
the cartilage and the muscularis contains a venous mesh, numerous lymphatics,
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Table 2.18 Bronchial and bronchiolar wall structure. In the first
generations, the submucosa under the mucosa (h ~70 um) is thick
in the pars membranacea and thin in the cartilaginous pars anulatus

G0-G9 Mucosa, submucosa, tunica fibromusculocartilaginous
G10-G14  Mucosa, submucosa, tunica fibromuscular

G15-G19 Mucosa, submucosa, tunica fibromuscular

G20-G23  Mucosa, submucosa

and thick-walled arterioles. The bronchial muscularis forms bundles rather than a
complete layer. The helical disposition of the bronchial musculature allows changes
in length and in bore.

2.3.5 Bronchiolar Walls

Bronchiolar walls, without cartilage, are characterized by sparse or absent mucus
secretory cells. The walls have an outer layer with fibers that are longitudinally
oriented. The outer fibers interlace with fibers of the alveolar walls. The wall inner
edge is in contact with another layer of fibers with mixed orientation (longitudinal,
oblique, and circular).

The fibers of the respiratory bronchioles are connected to the fibrous lattices of
the alveolar ducts and alveolar septa, especially entrance rings of alveoli, as well as
vascular sheaths. Fiber lattices form dense rings in alveolar ducts.

Three layers can be distinguished in the bronchiolar wall: a mucosa, a muscularis,
and a thin outer layer, but this microstructure disappears in small bronchioles. The
lamina propria is thin (and thinner in terminal bronchioles than in bronchioles) but
rich in elastin fibers. The muscularis is the thickest layer. The connective tissue of
the outer layer is continuous with the lung parenchyma

The bronchioles are lined by an epithelium. The bronchiolar epithelium stops at
the alveolus entrance. Several cell types can be observed in the bronchiolar epithe-
lium by ultrastructural studies [36]: (1) ciliated cells have apical microvilli between
their cylindrical cilia; (2) granulated Clara secretory cells [37]; (3) cuboidal cells
in the terminal segment of respiratory bronchioles related to granular pneumocytes;
(4) brush cells [17]; and (5) chromaffine-type cells with dense granule along the
basal lamina. Ciliated cells progressively disappear as respiratory bronchioles are
approached.

In the respiratory bronchiole, 2 epithelia share the same basal lamina: (1) a
pseudostratified (bronchial) epithelium with columnar ciliated secretory cells that
contain mucins, and columnar nonciliated Clara cells; and (2) a cuboid (alveolar)
epithelium with interspersed flat type-1 cells [38]. The cuboid cells are type-2 cells
with dense bodies. The columnar and cuboid cell populations distinctly occupy the
bronchiolar and alveolar segments.
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Table 2.19 Layers of the alveolocapillary barrier. Barrier
thickness over the alveolar surface area mostly of 0.5-1.2 pm.
The thickness of alveolar and capillary cells is mostly lower
than 500 nm. Despite the different components of the alveolo-
capillary barrier, the gas equilibrium between alveolar spaces
and blood conveyed by pulmonary capillaries is quickly

reached

Layer Thickness

Alveolar gas

Liquid film ~70nm

Alveolar epithelium 0.2-3 pm (350 nm in average)
Alveolar basal membrane 50-200 nm

Interstitial fluid
Capillary basal membrane 50-400 nm

Capillary endothelium 0.2-2 um
Plasma ~1pm
Erythrocyte

2.3.6 Pulmonary Alveolus

The alveolus (size 150-300 pm) is the gas exchange unit of the lung. The shape
and dimensions of the alveolus depends on the morphometric method. Technique-
associated artifacts can thus be generated.

The air-blood barrier between the alveolar space and pulmonary capillary
is extremely thin (thickness 0.2 um). Oxygen (O,) and carbon dioxide (CO,)
diffuse through the alveolar epithelium, a thin interstitial space, and the capillary
endothelium (Table 2.19). Gas exchange takes approximately 0.25s, i.e., one-third
of the transit time of a red blood capsule. The exchange surface is very high due to
the huge number of alveoli. The total surface area of the lung is assessed to equal
about 80 m? (range of 50-100 m?).

The interalveolar septa contains a dense capillary network and interalveolar
pores. One edge of the capillary faces an alveolus and the opposite side the adjoining
alveolus. The supporting lattice is composed of elastin and collagen fibers. Some
smooth myocytes exist in the alveolar wall. Slender bundles of smooth myocytes
occupy, with elastin and collagen fibers, the knobs of walls between adjacent alveoli,
which defines the alveolar entrance rings. Elastin fiber networks are arranged in a
helical form around the alveolar ducts and sacs.

The alveolar surface is covered by an epithelium resting on a basal lamina very
close to the capillary one. The cell parts with the nuclei bulge into the alveolar
space. The space between the alveolar epithelium and the capillary endothelium has
a variable thickness. Connective tissue with fibers and cells can, indeed, lodge in
the interalveolar septum. In particular, alveolar macrophages (size ~30 pm) can be
observed. They are responsible for uptake of particles (size 0.5-3 pm) which remain
in inhaled air.

Alveolar wall epithelium is coated by a continuous layer of type-1 and -2
pneumocytes (Vol. 1 — Chap. 3. Cells of the Ventilatory Tract). Surfactant secreted
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by type-2 pneumocytes forms a monomolecular film at the air—wall interface. A thin
liquid layer—hypophase—separate the surfactant film from the epithelial surface.
Within the hypophase reside alveolar macrophages, which are the first line of local
defense against inhaled pathogens and harmful nanoparticles.

The alveolar wall is also constituted of a capillary mesh on its outer surface.
Pulmonary gas exchanges are achieved by tissular diffusion through the alveolocap-
illary membrane, the air—blood barrier.

2.3.7 Between-Airway Communications

Collateral ventilation is due to: (1) tiny connections between well-ventilated alveoli
and poorly aerated ones via interalveolar pores and (2) tiny conduits between
bronchioles and alveoli of neighboring alveolar sacs, the bronchioloalveolar com-
munications.

Interalveolar pores, or pores of Kohn, exist in the interspace of the capillary
mesh of the alveolar septum. The caliber varies from 5 to 15 mm, as well as the
number (1-6 per septum). Their margins are delineated by fibers. The pores can
lead to abnormal fenestrations in diseases. They can be used as routes for alveolar
macrophages.

Bronchioloalveolar communications, or canals of Lambert, are built by
epithelium-lined tubules (bore few 10 wm). They are observed between alveoli and
terminal and respiratory bronchioles with relaxed or contracted wall musculature.
These communicating conduits allow aeration of a great amount of alveoli. They
can also convey alveolar macrophages.

2.4 Development of Intrathoracic Airways and Airspaces

Branching morphogenesis is used by a group of cells to create cellular and tissular
extensions, thereby expanding the surface area in a given volume. Branching can
occur in a single cell, such as a neuron when it forms dendrites to communicate with
other neurons and axons to relay nerve impulses to remote targets. Branching can
happen in a cell pool, such as in the vasculature to deliver oxygen and nutrients and
remove metabolic wastes and the respiratory tract to supply oxygen and eliminate
carbon dioxide.

Branch pattern is defined by length, caliber, shape, and spacing of conduit gener-
ations. Despite many branching modes, tip cells organize the leading front of branch
tips. They respond to inductive and guiding signals that initiate cell proliferation
and migration, determine cell navigation, and maintain branch outgrowth in a given
direction. They drive trailing stalk cells during colonization of their environment.

At each branching, the patterning information must specify [39]: (1) the budding
site and the growing direction, and (2) the size and shape of the branch. Furthermore,
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during each branch development, patterning must control the sprouting space and
time of the next branch generation. New branches typically arise as outpouchings of
the epithelium, either by migration of a local region of the epithelium or by local,
oriented cell divisions.

Iterative models assume that all branching events are under the same genetic
control. However, different generations of branches result from distinct cellular
mechanisms; they express specific markers and require different sets of genes for
their formation. Nevertheless, an iterative process can be repeatedly modified during
development to generate different branching patterns.

During embryo- and fetogenesis, sequence of events during branchings and 3D
tree patterning is stereotyped. Branching morphogenesis in the mouse lung can
be decomposed into 3 simple geometric forms: domain branching and planar and
orthogonal bifurcation. At a given position along the craniocaudal axis, branches
form in 4 main domains: dorsal and ventral on the one hand (dorsal-ventral
axis) and medial and lateral (medial-lateral or left—right axis) [40]. 25 Therefore,
a proximal—distal controller comprises a proximal—distal periodicity generator
that regulates the sequence of branching within each domain, as it coordinates
the temporal appearance of subsequent branches (hence between-branch spacing)
during the tree development, and a circumferential assigner, or circumferential
domain specifier, that specifies the positions of domain and the rotation direction.
In domain branching, branches can indeed arise at different positions around the
circumference of the trunk. As the domains differ in number of branches and the
position at which branching is initiated, the proximal—distal controller not only sets
the initiating position (proximal-distal initiator), but also registers each domain
(proximal—distal register).

The tracheobronchial tree is then generated by 3 geometrically simple local
modes of branching used repeatedly, but in different orders, at least in the mouse
lung [40]. During lung morphogenesis, the series of local patterning operations,
i.e., the global recursive routine, thus comprise: (1) a proximal—distal periodicity
generator that receives inputs from the proximal—distal initiator and register; (2) a
circumferential domain specifier that defines the domain number and position; (3) a
branch bifurcator for planar bifurcation, i.e., a branch tip division subroutine;

ZFor example, in the left (L) primary bronchus lineage, the first generation (LG1L1) buds off
the lateral aspect of the founder generation (LGO) using a first branching mode, circumferentially
specified budding [40]. The first dorsal branch (LG2D1) buds just distal to LG1. As this domain
develops, LG3 begins to sprout from the medial surface, then LG4 from the ventral surface.
The latter formed by domain branching switches immediately and permanently to orthogonal
bifurcation. Tertiary and later generation branches form by tip expansion and bifurcation (planar
bifurcation mode). In a third branching mode (orthogonal bifurcation), branches bifurcate at their
tips, as in planar bifurcation, but between each round of branching, a nearly 90-degree rotation
in the bifurcation plane occurs, so that the 4 grand daughter branches are arranged in a rosette in
a projection plane. These 3 branching modes are used at different times and positions. Domain
branching is used first and generates the central scaffold of each lobe; planar bifurcation forms the
edges of lobes; orthogonal bifurcation creates lobe surfaces and fills the interior [40]. Branching
proceeds at different and variable rates in different lineages.
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and (4) a bifurcation plane rotator for orthogonal bifurcation, i.e., a rotational
orientation subroutine that determines the reorientation of the branch around the
axis of the trunk. All subroutines send messages to a branch generator.

Subroutine coupling generates 3 main sequences [40]: (1) domain branching
and a set of orthogonal bifurcations; (2) domain branching and either sequence 1
(sequence 2a) or planar bifurcation (sequence 2b) and then either sequence 1
(sequence 2b1) or repeat of planar bifurcation (sequence 2b2) (3) domain branching
and either sequence 2, sequence 1, or sequence 2b.

The hierarchical and modular program is genetically tractable. Developmental
patterning information, i.e., each mode of branching, is controlled by a genetically
encoded subroutine regulated by a master routine. Deployment and coupling of
branching modes is actually achieved downstream from the dynein, axonemal,
heavy chain gene Dnahcl1 and the left-right asymmetry pathway [40]. On the
other hand, Sprouty-2 restricts the number of branches in the ventral domains. In
mice, Sprouty-2 regulates the site of initiation and number of branches in specific
domains; Shifty controls the proximal—distal register of entire domains.

2.4.1 Developmental Phases

Lung development proceeds via 2 sequential processes [41]. The sucessive centrifu-
gal, dichotomous branchings of buds from the distal end of the trachea generate a
series of tubules of decreasing dimensions, thereby creating an epithelium-coated
tree, during the pseudoglandular and canalicular stages (~5-24 gestational wk in
humans). The following development of alveolar sacs and then saccular alveoli
occurs along the most distal bronchial generations, beginning at the periphery of
the fetal lung, progressing centripetally and centrifugally, during the saccular and
alveolar stages (from ~24 gestational wk to postnatal life in humans).

More precisely, lung development can be decomposed into 4 overlapping
phases [42]: (1) pseudoglandular phase (gestation wk 5-17); (2) canalicular phase
(gestation wk 16-26); (3) saccular phase (from gestation wk 24-36 until term; and
(4) alveolar phase (from gestation wk ~36 to first 3 yr of postnatal life).

The pseudoglandular phase is characterized by preacinar branching of airways
and blood vessels. The number of bronchial tubes rises. The epithelial lining is
stratified. A ciliated epithelium differentiates between week 11 and 16 of gestation
in humans [42]. Cilia develop directly by division of pre-existing centrioles or
indirectly from fibrogranular aggregates that give rise to deuterosomes and an
aggregate of precentrioles. Presecretory cells appear almost simultaneously as pre-
ciliated cells. Intracellular mucus is detected in the human fetal lung at week 13 of
gestation. Three types of secretory cells according to granule type can be identified
by electron microscopy: cells with electron-dense serous granules, electron-lucent
mucous granules, or a mixture of these 2 types. The mesenchyme transforms into
cartilage and smooth muscle.
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During the canalicular phase, vascularization of peripheral mesenchyme rapidly
increases, capillaries move into close contact with the surface epithelium, and
connective tissue components are reduced to a minimum. By ingrowth of capillaries
between epithelial cells, respiratory regions of the lung appear by conversion of the
blind end of the bronchial tree. The last few generations of the bronchial tree form
the primitive respiratory bronchioles.

During the terminal sac (saccular) phase, additional respiratory airways develop
and acini differentiate. During the alveolar phase, the alveolus number grows.

Accessory communications between distal bronchioles and adjacent alveoli has
not been detected in fetal lungs, although in adult lungs, ultimate 3 to 4 generations
can have accessory communications [22]. Accessory communications arise mainly
in postnatal development during transformation of alveolar ducts into epithelialized
bronchioles.

2.4.2 Development at the Macroscopic Scale

Development begins as a simple epithelial tube from which new branches succes-
sively bud to create a tree-like structure. Additional supporting cell layers then
develop around newly formed epithelium-coated tubes. At least for early branch
generations, the pattern is highly stereotyped, but not invariant. Continuation of the
branching program is not contingent on completion of each prior step, as a branch
can originate from a grand parent branch.

In early lung development, endodermal pulmonary buds, or respiratory epithelial
tubes, intrude into the mesenchyme covered with pleural cells that define lung
borders. These buds then form arborescence by repeated use of morphogenetic
processes, such as elongation, lateral budding, and terminal bifurcation [43].

2.4.2.1 Development in Utero

Lung airways develop 22 to 26 days after fertilization as a ventral diverticulum
budding from the foregut and lined by epithelium of endodermal origin [42]. In
the 5-wk fetus, lobar bronchi exist as small outgrowths from stem bronchi [22].
Segmental bronchi are recognizable from week 6. During the following weeks, the
bronchial tree is blind at its distal end and lined by epithelium that is surrounded by
mesenchyme. At week 16, the bronchial tree is completely lined with epithelium. At
week 24, epithelium is interrupted by ingrowth of capillaries. The alveolar region
with respiratory bronchioles arises from transformation of terminal bronchioles.
In humans, alveolar development hence starts in utero. However, in rodents, the
peripheral part of the acinus is formed by primary saccules; alveoli develop
postnatally from saccule walls [44].

In humans, lobar and segmental bronchi appear after week 5 of intrauterine life.
Intrasegmental airways quickly divide between weeks 10 and 14. During this period,
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about 70% of airway generations are formed and at week 16, the airway branching
pattern is complete. The longer bronchial paths actually continue to grow until
week 16. Bronchial paths of the lingula, middle lobe, and anterior and posterior
basal segments include more generations (3—10 additional generations) than those
of the apical segments of the upper lobes that contain 14 to 18 generations [22].
In 18-week fetuses, 17 to 19 bronchial divisions can be found between the trachea
and terminal bronchioles. After week 24, the total number of fully epithelialized
generations is slightly reduced (by 2 to 4 generations) due to the transformation of
the last few generations into respiratory bronchioles. Conversely, some respiratory
bronchioles transform into fully epithelialized bronchioles between week 24 of
intrauterine development and adult life.

2.4.2.2 Postnatal Development

Pre-acinar airways in infants are miniature versions of those in adults [45]. Bronchi
grow both in length and bore with lung volume after birth. The tracheobronchial
tree of newborns remains a small-scale model of that of adults. Between week 22
of gestation and month 8 of postnatal age, normal infants exhibit a linear increase
with age in airway caliber as well as in amount of mural smooth muscles and
submucosal glands (except submucosal glands in hilar airways) [46]. Goblet cell
number increases with age in the bronchi, but not in distal conduits.

Premature infants have for their postconceptional age normal-sized airways
with an increase in amount of bronchial smooth muscle and goblet cells. Lung
airway caliber doubles or triples between birth and adulthood [42]. Normal alveolar
multiplication is supposed to be complete by between years 2 and 4.

Measurements in bronchial tree casts from children aged from 5 weeks to 17
years show that from 5 to 12 weeks, the caliber ratio is about 1.35, but by month 13,
it raises to 1.45 [47]. Peripheral conducting airways are relatively large in diameter
at month 1 to 3 and reach adult proportion after year 1. Yet, length ratio does not
show trend with age.

2.4.3 Development at the Microscopic Scale

Airway lining and branching requires epithelial growth and morphogenesis. Cell
differentiation depends on the amount of available mesenchyme partner [48]. Cell
division occurs particularly at tube ends, the so-called bronchial buds. Branching
depends on adhesion molecules (both intercellular and cell-matrix adhesions),
particularly proteoglycans.

In both proximal and distal lung airways, epithelial thickness decreases from
early fetal to postnatal life, whereas airway bore increases. All respiratory epithe-
lium cells develop by differentiation and maturation of primitive endodermal cells.
Cell maturation begins in large airways and spreads distally.
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Lung epithelial branchings result from a repetitive series of cleft (interbud region)
and bud formation. Epithelial cells of budding regions of the bronchial tree have at
least a 2.5-fold greater proliferation rate than those situated in the adjacent cleft-
forming regions [49]. Epithelial proliferation depends on between-epithelial cell
contact. Epithelial proliferation in growing lung buds with respect to newly formed
clefts may be attributable to the action of specific growth factors, such as TGFS1,
FGF2, EGF, BMP4, and BMP7 proteins.

Airway branching is accomplished by reciprocal morphogenetic interactions
between the growing respiratory epithelium and the surrounding mesenchyme, the
mesodermal capsule. The airway epithelium is separated from the lung mesenchyme
by a basement membrane. Insoluble macromolecules of the extracellular matrix
can act as physical barriers and sequester soluble growth factors [41]. The thin
basement membrane stretches and is degraded in front of growing buds. Bud
outgrowth and epithelial proliferation are correlated with the localization of specific
basement membrane components, such as collagen-4, nidogen, laminin-1, and
fibronectin [49].

2.4.3.1 Inductive Signals for Branch Initiation

Epithelia and endothelia use growth factors and their cognate receptor protein Tyr
kinases as initiating cues to create new branches [50]. Members of the fibroblast
growth factor superfamily play a dominant role in branch initiation.

2.4.3.2 Control of Branching Pattern

Formation and subsequent outgrowth of a new branch and its maintenance are
under local and global control. Mutual inhibition in branching epithelium upon
approaching another branch and self-inhibition may happen in addition to extrinsic
factors liberated from the adjoining mesenchyme [50]. In any case, branching
pattern is stereotyped, as it is genetically programmed.

2.4.3.3 Coordination of Branching of Nerves, Blood Vessels,
and Epithelium

Branching morphogenesis of blood vessels and nerves needs to be coordinated with
that of the epithelium for adequate distribution of feeding and nervous control.
This coordination relies on communication between tissues, genetic program, and
common branch-regulating pathways [50]. Guidance cues of 4 families—Slits,
netrins, ephrins, and semaphorins—can attract or repel axons, blood vessels, and
epithelium.

Airway epithelia attract endothelial cells and neuronal axons by secreting
vascular endothelial and nerve growth factor, respectively. Conversely, endothelial
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cells contribute to specification and differentiation of the respiratory epithelium.
In particular, pulmonary endothelium secretes hepatic growth factor for distal
lung epithelial morphogenesis. In addition, endothelial cells produce artemin and
neurotrophin-3 to attract axons to travel alongside pioneer blood vessels and nerves
produce VEGEF to attract blood vessels to their side.

2.4.3.4 Surrounding

Mesenchyme and stroma are major sources of branching regulators that regulate
concerted development of tip and stalk cells and eventual rearrangement between
these 2 cell types, as well as orchestrate coordinated cell movements [50].

Intercellular and cell-matrix adhesion and cellular protrusions and trailing edge
retraction depend on chemical and mechanical interactions between migrating cells
and their medium.

2.4.4 Influence Factors

2.4.4.1 Genetic Control, Growth Factors, Hormones, and Morphogens

Embryo- and fetogenesis obey instructions prescribed by the genome. A controlled
spatial and temporal expression of genes actually determines the development of
complicated, three-dimensional, ramifying circuits of epithelium-lined tubes with
successive rounds of branchings that convey biofluids (amniotic liquid before air at
birth).?

The genetic branching program relies on reiterative use of signaling axes such
as the fibrobrast growth factor pathway [39]. The FGF pathway is modified at each
stage of branching by feedback to launch distinct branching outcomes. Whereas
FGF1 elicits immediate endodermal budding, FGF7 and FGFI10 initially cause
expansion of the endoderm [51].

During lung morphogenesis, the distal mesenchyme regulates the growth and
branching of adjacent endoderm. Molecule FGF10 produced from the earliest stages
of lung development diffuses in the mesenchyme and promotes cell proliferation and
chemotaxis in lung buds and directs their outgrowth. When a bud is elongating, a
FGF10 production peak is formed in the mesenchyme at a single spot near the tip.
On the other hand, lateral budding and terminal bifurcation result from 2 separate
peaks [43]. The lateral budding mode relies on FGF10 expression localized to spots

26 Amniotic liquid is, at first, mainly water with electrolytes and, after several weeks, with
carbohydrates, lipids, proteins, and other types of organic constituents. It originates from the
maternal plasma that crosses the fetal membranes due to osmotic and hydrostatic forces. As
placental and fetal vessels develop, amniotic liquid traverses the fetal tissue.
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between both sides of the bud stalk where prospective budding occurs and the lung
border. In the terminal bifurcation mode, FGF10 expression occurs at 2 split spots
located laterally between the bud tip and the lung border.

In addition to FGF and FGFR, other proteins synergistically regulate branching
morphogenesis such as Sprouty, Notch, and members of the class-E basic helix—
loop-helix family such as Enhancer of Split homolog. Neuronal PAS domain-
containing protein-3 (NPAS3), or class-E basic helix—loop-helix PAS protein
bHLHe12,?” is the single regulator of lung branching morphogenesis that is
a homolog of Trachealess, a transcription factor involved in tracheogenesis in
Drosophila [52]. NPAS3-null newborns die in respiratory distress having dimin-
ished alveolarization, decreased SHh, FGF9, FGF10, and BMP4 production, and
increased Sprouty homolog Spry2, an inhibitor of receptor protein Tyr kinases
upregulated in response to FGF2 in primary dermal endotheliocytes in particular.
Hence, FGF signaling is reduced. Exogenous FGF10 rescues branching morpho-
genesis in NPAS3— mice. On the other hand, NPAS3+/~ mice survive postnatally,
but develop emphysema and airway hyperreactivity. Factor NPAS3 stimulates SHh
and represses Spry2 agent.

Diffusible signaling molecules, such as transforming growth factor-f and sonic
Hedgehog, are major negative and positive regulators of FGF10 synthesis [51, 53].
Factors TGFP and SHh are manufactured in the mesenchyme adjacent to bud stalks
and in distal tips, respectively. Factor TGFf1 reversibly prevents synthesis of nMyC
(or bHLHe37) in epithelial cells involved in branching morphogenesis [53]. In
the endoderm, SHh precludes FGF10 transcription [51]. On the other hand, SHh
via Gli3 controls FoxF1, an activator of FGF10 [54, 55]. Activation of FoxF1 by
endodermal signal SHh is counteracted by bone morphogenetic protein BMP4. Both
FGF10 and FGF7 impede FoxF1 expression via epithelial BMP4 and inhibition
of SHh expression, respectively [54]. Factor Gli3 exists as a full-length (Gli3gy)
with activator function (Gli3A) that is cleaved into a proteolytic fragment, i.e., a
smaller form (;Gli3) with repressor activity (Gli3R) in the absence of SHh ligand.
Signaling from SHh prevents Gli3 proteolysis, hence hampering the production of
its truncated repressor Gli3R in the developing lung [55]. In fact, both Gli2 and
Gli3 have overlapping functions in SHh signaling during foregut (lung, trachea, and
oesophagus) development [56]. Long-range activation and short-range inhibition of
FGF10 expression by SHh may achieve the spatial FGF10 localization with a peak
at an intermediate distance [51].

The spatial organization of cell fates and pattern formation during organogenesis
involves morphogen gradients described by the tranport equation with production
and degradation terms and defined boundary conditions [57]:

27 A k.a. MOP6 and PAS (Per [Period circadian protein]-ARNT [aryl hydrocarbon receptor nuclear
translocator]-SiM [Single-minded protein]) domain-containing protein PASD6. The PAS domain
regulates heterodimerization, which is required for activity. Protein NPAS3 is the most similar to
Trachealess, followed by NPAS1, SiM1, SiM2, hypoxia-inducible factor HIF1a, endothelial PAS
domain protein EPAS1, and Per1 proteins.
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0,Cum IDVZCM~|-pCM—dCM, 2.11)

where ¢y is the morphogen concentration, Dy, the morphogen diffusion coefficient,
p the morphogen production rate ([T~']), and d the morphogen degradation
rate ([T™!]). The diffusion coefficient and production and degradation rate can
dynamically vary because of feedback from triggered signaling axes (D (X,{cr, }),
P({ck;}), and d({cg;}); {cr,}: set of concentrations of regulators involved in
feedback loops).

Once they are established, morphogen gradients trigger activity of intracellular
signaling cascades with their transcriptional networks. Morphogen gradients are
transduced nonlinearly into signaling gradients. Signaling effectors activated by
morphogens control target genes that cross-regulate each other to form a gene
regulatory network (GRN), a set of genes that interact with each other indirectly
using their RNA and proteic products as well as other substances. The primed
gene regulatory network governs transcription rates of network genes. Therefore,
the expression of a given target gene is not determined solely by signaling effectors,
but also by inputs from members of the gene regulatory network. The cell state
depends on the combination of active genes. Furthermore, tissues are composed of
many cell types with given combinatorial gene expression that involves numerous
genes forming subnetworks linked in a global network [57]. Specific subnetworks
may also transduce temporal and spatial derivatives of graded signals.

Gene regulatory networks can be modeled by a set of coupled ordinary differen-

tial equations that represent concentrations of contributing substances at time t:>
d N
pri fi(feedozy), (2.12)

the function (f;) expressing the dependence of the concentration of substance i (c;)
on concentrations of N molecular species is derived from principles of chemical
kinetics. This function is usually represented by a low-order polynomial or Hill
function that serves as an ansatz.”’ This model is studied in the framework of
nonlinear dynamics.

Morphogen gradients initiate certain gene expression patterns to coordinate
events from the nano- to the mesoscale, i.e., molecular, cellular, and tissular
processes. Morphogen kinetics often differ according to short and long space (from
subcellular to tissular) and time (from second to hour) scales [57]. Morphogen
gradients result from: (1) transport associated with cell growth and proliferation;
(2) directional transport through a tissue; and, mostly, (3) secretion from a localized

28Gene regulatory networks can also be modeled by Boolean and stochastic gene networks.

YGerman Ansatz: starting point (in the meaning of Ausgangspunkt), attempt, trial, test (in the
meaning of Versuch), approach, initialization [die ersten Ansdtze: initial stages]. The initial
formulation (starting equation) is an informed guess verified later by results. Once the ansatz is
established, the equations in their general formulation are indeed solved.



2.4 Development of Intrathoracic Airways and Airspaces 125

source, nondirectional spreading, and clearance or local degradation. Changing
gradients further complicate patterning. Because of morphogen interactions and
feedback, effective degradation rates or diffusion coefficients can depend on
morphogen concentration. However, such processes increase the gradient robustness
to fluctuations in morphogen production. In addition, morphogen gradient amplitude
and duration can also vary during the time course of pattern formation, in particular
upon increased production from a growing source or changes in kinetic rates [57].

Airway growth and branching are influenced by hormones (e.g., growth hormone
and somatomedin), in addition to growth factors. Among growth factors, some,
such as insulin-like or epidermal growth factor, stimulate multiplication of epithelial
cells, whereas others inhibit it, such as transforming growth factor-f. Vitamin status
participates in lung growth.

Basement membrane components, such as sulfated glycoconjugates and
fibronectin, have a stronger concentration in clefts or areas of morphogenetic
stabilization than in budding regions [49]. On the other hand, collagen-4, laminin,
and nidogen have a uniform distribution at the epithelial-mesenchymal interface.
However, transcripts of laminin-a, -B, and -y have a variable coexpression in
budding and cleft-forming regions. Specific laminin isoforms can then achieve
variations in epithelial-mesenchymal basement membrane assembly that are
permissive to cleft or bud formation.

Transforming growth factor-f1 in developing lung epithelia, a regulator of
proliferation and extracellular matrix deposition, and a3 -integrin, which binds to
fibronectin, laminin, and collagen, contribute to the control of lung branching.

The molecular mechanisms that regulate temporal and spatial interactions
between the developing respiratory epithelium and mesenchyme depend, at least
partly, on HOX genes of branching regions (HOXA1, HOXA3, HOXAS, HOXB3-
HOXB4, and HOXB6-HOXBS8) [58]. The timing of HOXA1l, HOXA4, and
HOXA?7 peak expression levels is sequential during branchings of the embryonic
lung, i.e., during the early pseudoglandular stage, the canalicular stage, and
saccular and alveolar stages, respectively. The HOXB3 expression is the greatest
during the pseudoglandular stage, whereas that of HOXB4, HOXB6, and HOXB7
reaches a maximun during the terminal stages. In addition, these HOX genes are
differentially expressed both between and within lung cell lineages throughout
the pseudoglandular, canalicular, and terminal phases. Transcripts of HOXA1 and
HOXB3 genes localize thoughout the mesenchyme, whereas those of HOXA4,
HOXBS5, and HOXB7 genes have a greater spatial restriction, as they reside mainly
in the distal bud than in the interbud mesenchyme.

2.4.4.2 Mechanotransduction

Mechanotransduction relies on 3 main coupled aspects of cell and tissue mechan-
ics: cell and tissue rheology; intracellular (endogenous) generation of forces;
and response to environmental (exogenous) mechanical stimuli. The mechanical
properties of tissues and exerted forces can serve as epigenetic regulators of
morphogenesis.
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During embryo- and fetogenesis, tissues bend, fold, and twist to elaborate struc-
tures of organs. Therefore, developing tissues are subjected to mechanical stress
fields. Stretch participates in the control of cell proliferation during development of
the airway epithelium.

Mechanical stress fields participate in tissue development. Two main types
of mechanical stresses (forces per unit surface area) include pressure, a stress
perpendicular to a surface, and shear, stress tangent to a surface caused by friction.

Mechanical stress fields result from contraction of the cytoskeleton during cell
motion and tissue deformation that depend on rheology of cells and matrix. Tension
can indeed be initiated within the cell, transmitted from the cytoskeleton upon
activation of the Rho—-RoCK-Dia axis, subsequent myosin phosphorylation, and
actin polymerization to prime actomyosin contraction [59]. On the other hand,
tension can originate from the extracellular matrix and be transmitted via integrins
to the cytoskeleton.

Mechanical properties of the cell’s environment and cytoskeletal tension influ-
ence, in particular, differentiation of multipotent mesenchymal stem cells. A soft
and stiff environment promotes neuronal and osteogenic differentiation, respec-
tively [59].

Mechanical stresses also participate in the regulation of epithelial-mesenchymal
transition which can be triggered by numerous soluble cytokines and peptidases
during gastrulation and creation of the neural crest. In particular, mechanical stresses
are involved in epithelial-mesenchymal transition during heart valve formation [59].

Elevated mechanical stress enhances the nuclear localization of myocardin-
related transcription factor MRTFa [59]. This cofactor of serum response factor
regulates the transcription of multiple genes involved in cell proliferation and actin
cytoskeleton dynamics.

Tension contributes to the regulation of cell turnover (proliferation and death)
and differentiation. Tension indeed cooperates with cyclins to enable Gl-phase
progression upon increased RhoA activity, ubiquitination, and degradation of
cyclin-dependent kinase inhibitor CKIlb [59]. Spatial variations in mechanical
stresses between epithelial cells and basement membranes may establish local
growth signaling differentials. Mechanical stresses from the basement membrane
also promote cell survival [59].

Fetal breathing movements induced by the central nervous command of the
chest wall via, in particular, phrenic nerves, favors airway development, as stretch
is a major stimulator. During fetal breathing, the diaphragm indeed contracts and
increases the volume of the thoracic cavity. Resulting stretch promotes airway
development. After birth, mechanically ventilated infants have a greater density
in mural smooth muscle and goblet cells and an elevated submucosal gland
volume [46].

In addition, airway peristalsis results from spontaneous contractions of airway
smooth myocytes [60]. Waves of contraction launched by calciumwaves travel
proximal to distal in freshly isolated fetal lungs from early to late gestation in pigs



2.4 Development of Intrathoracic Airways and Airspaces 127

and rabbits.’* The behavior of airway smooth myocyte in the fetal lung is phasic,
whereas it is tonic in postnatal lungs.

Tension via the Rho—RoCK axis ensures normal differentials in basement
membrane thickness and epithelial growth patterns such as bud formation, as
well as the presence of normal capillaries [63]. Elevated actomyosin-mediated cell
contractility promotes airway branching and increases capillary elongation. Amount
of amniotic liquid also affects airway development.®!

2.4.5 Computational Model of Early Intrathoracic Airway
Morphogenesis

Morphogenesis deals with the formation of the spatial pattern of structures of
biological tissues. Developmental constraints are rules followed by biological
patterns or structures. Genes determine the anatomical structure of an organism,
as they influence anatomical shapes by determining morphogen production. A set
of morphogens produced by genes diffuses and reacts together through a tissue,
thereby contributing to developing patterns [64].

Chemical-mediated morphogenesis is modeled by reaction—transport (diffusion)
equations [64]. Each involved morphogen moves from regions of greater to regions
of less concentration (c) at a rate proportional to the gradient of the concentration
and also proportional to its diffusivity (D). The reaction rates are assumed to obey
the law of mass action applied to the entire set of reactions, including intermediary
stages.

Reaction—diffusion equations for a couple of morphogens, an activating mor-
phogen (subscript a M) that stimulates itself and a repressing morphogen (subscript
rM) that inhibits itself and exerts a negative feedback on the activating morphogen,
are the following:

0:cam = Dum VzCaM + f(caMa ch)a

atCrM = DrMVZCrM + f(CaMa CrM)v (213)

n the pseudoglandular and canalicular stages in fetal pigs, the frequency ranges from 0.4
to 0.6 Hz and lumen caliber reduces from 39 to 46% [60]. In the saccular stage in fetal rabbits,
the frequency ranges from 0.2 to 0.2 Hz and the brochus narrowing equals approximately 30%. As
terminal tubules of the developing lung relaxes, the liquid flow reverses. Decreasing and increasing
lumenal fluid volume causes lung hypo- and hyperplasia, respectively.

31 After amniocentesis in pregnant macaca fascicularis between gestational days 47 and 64 or 85
and 95, postnatal alveoli are mature, but their number and size are reduced and heightened,
respectively [61]. The quantity of airways is also attenuated. These changes occurred regardless
of amniocentesis time and removed fluid amount. Simple puncture without fluid removal causes
similar changes. Pulmonary hypoplasia that results from chronic amniotic liquid leakage leads
to death of respiratory failure within 12 hours of delivery, or in the case of partial pulmonary
hypoplasia, to chronic respiratory symptoms in viable infants [62].
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where the functions f and g represent the chemical reaction kinetics. A stable
homogeneous steady state is defined by f = 0 and g = 0. With proper reaction
kinetics, diffusion within and between cells creates spatial patterns.

The system supposed to be initially in a stable homogeneous condition is
disturbed slightly from this state by some slight destabilizing influences, such
as Brownian movement, action of neighboring structures, slight irregularities of
configuration, and temperature change. However, the system is assumed never to
deviate far from the original homogeneous condition (linearity assumption), as
patterns produced by nonuniform distribution of morphogens in early stages are
expected to to be similar to those in later stages. Morphogens that diffuse and react
together undergo an instability that causes spatially varying profiles, or patterns, of
concentrations.

In the case of an isolated ring of cells, the morphogen prepattern set up by the
reaction—diffusion equations launches a cell-fate program that leads to a branched
structure [64]. In addition to diffusion-driven instabilities, instability can arise from
interactions between stabilizing system components. At the beginning of instability,
a pattern of morphogen concentrations appears which is described by waves.

Data to be specified include [64]: (1) number of involved cells and morphogens;
(2) morphogen diffusivities; (3) concerned reactions; (4) kinetic reaction rates;
(5) information on random disturbances; and (6) spatial and temporal morphogen
distribution. The morphogen permeability of the plasma membrane, the single
obstacle to diffusion, equals 5 x 107 cm/s.

The changes of state are associated with [64]: (1) variations of position and
velocity; (2) stress field depending on material rheology and motion, in addition to
osmotic pressures; (3) chemical reactions; and (4) diffusion of chemical substances.
Because of mathematical complexity, Turing (1952) focuses on chemical aspects,
neglecting the mechanical aspect. The solution of linear differential equations with
constant coefficients takes the form of a sum in which each term represents a
sinusoidal oscillation:

>z expizir, (2.14)

where the quantities z{' = z; exp{i¢} and z; = Imz, + 1dez, can be complex
numbers.

Auto- and crosscatalysis can account for primary morphogen concentration
profiles, or patterns, that determine pattern formation of biological tissues according
to short-range activation and long-range inhibition [65]. Activator and repressor
concentrations are distinguished from densities of sources (S,ps, Syp) and sinks
(Sam, Srm) of these regulators. Source densities associated with certain cell types
or subcellular structures are expected to change slowly with cell differentiation,
whereas regulator concentrations can vary rapidly to achieve primary patterns.
Derived inhibition extends into a wider region. The equation for the time rate
of change of activator concentration (c,3s) that depends on production (p) and
degradation (d), both depending on ¢, and its space-averaged value ¢y, takes
the following general form,
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13! D3
C K2 Cam
_ aM a
dicam = K1Sam —==; (1 - i ), (2.15)
CaM SaM Chy

as the production is also proportional to the activator source density, {p; }‘/‘.Zl being

some powers (p; > ps and p3 > ps > 0). The activator—repressor model in
which activation and repression of sources are functions of some powers of activator
and repressor concentrations becomes:

ps
C
0:cam = Dum VzCaM + Pamt Sam + KSam CQTI(‘)/[ = Sam (X)Cam
rM
Cp7
8[ CrM = DrM VzCrM + Prm SrM Cale\gfl —SrM (X)CrM ) (216)
rM

activator and repressor being cleared by first-order kinetics.

On the other hand, interactions between cells and the extracellular matrix
induce a mechanical stress field. In particular, cultured vascular endothelial cells
rapidly aggregate into clusters via combined active and passive transports and
deform the matrix into a network of cord-like structures. In the absence of cell
migration, isotropic, strain-stimulated cell traction is sufficient to predict pattern
formation [66].

A two-dimensional mathematical model of FGF10 expression has been devel-
oped to predict shapes of lung buds and the lung border, i.e., the mesothelium,
a layer of pleural cells, as well as chemical regulation of FGF10 synthesis [43].
Different FGF10 localization modes arise when only geometrical conditions change.
A single FGF10 peak occurs when the distance between the tip of lung bud and the
lung border is long, leading to elongation of the bud. When the bud tip—lung border
distance is short, double FGF10 peaks appear, the location of which depends on the
curvature of lung border. The double peaks tend to localize at the more proximal
region with increased curvature of the lung border.

Factor TGFp produced in the mesenchyme around the bud stalk hinders FGF10
expression. Morphogen SHh produced in the mesenchyme near the bud tip inhibits
and activates FGF10 production.

The computational domain comprises several subdomains: bud stalk (£2;) and
tip (§£2,), with a given uniform curvature, and mesenchyme (£2,,), as well as
boundaries i.e., a straight tube wall (/) and lung border (1) represented by the
circumference of a semicircle. Its geometry is defined by the length between the
bud tip and in the direction of elongation (dimensionless L range [0.0-1.2]), stalk
length (dimensionless L range [0.0-1.2]) and width (dimensionless wy, = 1), tip
width (dimensionless w; = 1.2), and curvature of the lung border (dimensionless k
range [0.0-0.6]).

Outside epithelial cells (in £2,,), the chemical dynamics rely on a feedforward
relation. Chemical dynamics are assumed to be much faster than the tissue deforma-
tion. The equation of the time rate of change in concentration of molecular species
(i) depends on diffusion coefficients (D;), degradation rates (d; ), transportation rate
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from cells (t;), and activation rate (a;). The concentration of diffusive molecules
on §2; and £2,, respectively, are assumed to be constant (cyp, and crgr,). The
FGF10 concentration equals zero on the tip and stalk, as FGF10 is consumed on
the epithelial layer. The Neumann boundary condition (zero flux) is adopted except
for FGF10 on the epithelium. The extracellular concentrations of SHh, TGFp, and
FGF10 are functions of space (x) and time (¢), crgr, being the FGF10 concentration
in mesenchymal cells:

2
O:cun = DunVocun — Auncun,
2
0;cror = DrgrV-crer —drgrerer,

dicror = DrorV*crer — drcrerGr + trGreTGr, - (2.17)

Inside epithelial cells,

—drgr;crer; —tFGFCTGF;

(2.18)

2 2 2
0:cTGF; = arGr ki k2 i

P = 2 772 772 7
Cp T ki cyy Tk crgp + k3

where k, (r = 1,2,3) are the Michaelis constants of the chemical reactions.
Although FGF10 diffusivity is influenced by heparan sulfate in the mesenchyme
and other matrix components, the spatial distribution of FGF10 is supposed to be
given by FGF10 production.

The FGF10 synthesis in the mesenchyme is controlled by SHH both positively
and negatively simultaneously. The FGF10 level thus reaches a maximum at an
intermediate level of SHh concentration. As the FGF10 expression is repressed by
TGFp around the bud stalk, FGF10 localizes to a single site distal to the bud [43].
When the bud grows and approaches the lung border, the region with intermediate
SHH levels splits and primes 2 FGF10 peaks on each side of the axial direction of
bud elongation. The splitting of localized FGF10 spots is also observed when the
curvature of the lung border is large.

A computed FGF10 gradient vector at each position on the tip surface was fitted
to a fourth-order function x;n* + k1> + k3, where 7 is the location along the
surface of the bud tip (n = 0 on the direction line of the stalk axis) [43]. A single
peak and twin peaks occur when k, < 0 and k, > 0, respectively. The distance
between peaks (—2k»/k1)"/? yields the branching angle.

In addition to geometrical conditions, the localization mode of lateral budding
depends on [43]: (1) the balance of activatory and inhibitory SHh signals on FGF10
production, which is controlled by the product of 2 dissociation constants (k;k»);
(2) the intensity of inhibitory TGFp; and (3) diffusivities of extracellular SHh and
TGFp.

In summary, lateral budding is observed when: (1) the length between the bud tip
and the lung border becomes small; (2) the SHh concentration at the tip becomes
high; (3) the SHh diffusion distance becomes long; (4) TGF concentration around
the stalk becomes low; and (5) the TGFf diffusion path becomes short.
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2.5 Pulmonary Vascularization

Two vasculatures irrigate the lung, the high-pressure bronchial and low-pressure
pulmonary arterial circulation. The former supplies airways and lung parenchyma
in nutrients; the latter is devoted to gas exchange at the alveolar level.

Pulmonary arteries and veins develop in close connection with the bronchial tree.
The intrapulmonary artery tree extends down to generations upstream from terminal
bronchioles to give rise to a capillary network that drains into the pulmonary veins.

At the level of terminal bronchioles, small arteries generate arterioles (caliber
100-150 pm). They branch in the pulmonary acinus into thin-walled arterioles that
form the pulmonary capillary bed. The latter drains into pulmonary venules and
veins.

Conventional arteries that run along bronchi branch with them. They supply the
lung parenchyma and airways down to acini. Dorsal bronchial arteries arise from the
thoracic aorta. They form a ring in the lung hilum that generates bronchial arteries
that accompany bronchi and branch with them as well as subpleural and interstitial
branches that run along the pleura and interlobular septa. The bronchial capillary
network of large bronchi differs from that of small bronchi and subpleural acini.

Bronchial veins are connected to pulmonary veins. About a third of venous blood
is drained by bronchial veins, azygos and hemiazygos (vena azygos minor inferior)
veins, and superior vena cava. About two-third of venous blood flows through
pulmonary veins into the left atrium.

Additional vessels, the so-called supernumerary arteries, can directly supply
adjacent alveoli. In adults, numerous supernumerary arteries represent up to 40%
of the cumulated cross-sectional area of all the side branches. The supernumerary
vein number is greater than that of supernumerary arteries.

The arterial wall structure has an elastic type in arteries down to a bore of
3 mm (generation 7), a transitional type when the caliber ranges from 2 to 3 mm
(generations 7-9), and a muscular type when the bore ranges from 30 um to 2 mm
(i.e., from generation 9 to acinus) [67].

Branches of the bronchial artery travel to lung parenchyma where they form a
capillary network that merges with that of the pulmonary artery.

2.5.1 Communications Between Pulmonary
and Bronchial Circulation

Two types of anastomoses occur between bronchial and pulmonary arterial ves-
sels [68]: (1) between large vessels that are associated with bronchi of caliber
ranging from 1.6 to 3.5mm and (2) between arterioles within or on the surface
of pulmonary lobules.
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Table 2.20 Number of arteries in the posterior basal segment of the left lower lobe in fetuses at
different ages (week; Source: [69]). Conventional arteries run alongside the airway and branch with
it. Supernumerary arteries branch off to go directly into lung parenchyma without accompanying
airways. From week 18 onward, the adult number of conventional arteries exists. At week 19,
21 conventional arteries associate with 25 bronchial generations; bronchial generations 5, 9, 16,
and 23 are supplied by arterial generations 4, 10, 15, and 21, respectively

Age 12 14 16 17 18 19 20 23 28 36 38

Bronchial generations 15 18 18 18 24 25 20 25 28 26 23
Conventional arteries 11 15 18 16 23 21 19 23 26 24 21
Supernumerary arteries 43 40 46 40 45 58 43 57 75 76 64

In healthy adults, these anastomoses do not participate markedly in the lung
function. In pathological conditions, arterial bronchopulmonary shunts can be
observed.

On the other hand, the pulmonary capillary bed is connected to the adjacent
bronchial capillary network as well as the subpleural bronchial mesh. These
connections increase in size and number in lung diseases.

Bronchial and pulmonary veins communicate. This venous drainage is also
connected to mediastinal veins.

In normal conditions, the peripheral pulmonary as well as the central part (in
large bronchi) of the bronchial vascular bed possess small arteriovenous anasto-
moses (<2%) of blood circulation. In pathological conditions, these shunts can
enlarge.

2.5.2 Development of Intrapulmonary Blood Vessels

During development, both conventional and supernumerary arteries as well as veins
appear at the same time.

2.5.2.1 Development of Intrapulmonary Arteries

Preacinar bronchial branching is complete at the end of gestational week 16 and
main intrasegmental arterial branches can be identified (Table 2.20) [69]. Further
intrapulmonary airway changes correspond to an increase in size and appearance of
cartilage and glands [22].

The total number of preacinar conventional vessels is present by month 5 of
intrauterine life. By day 50, pulmonary arteries are connected to the pulmonary arch.
Some respiratory bronchioles and alveolar ducts exist at birth, but alveoli develop
mainly after birth. In the later stage of fetal life, intraacinar arteries develop with
corresponding airways [69]. Blood vessels grow in bore and length; large vessel
size increases faster during fetal life and infancy than childhood.



2.5 Pulmonary Vascularization 133

In human fetuses, artery length and caliber increase linearly with age and increase
in lung volume [69]. Artery bore is related to its path length. Although the bronchial
tree is still developing, the ratio of supernumerary to conventional arteries is similar
to that in adults.

The wall structure of proximal blood vessels is achieved by gestational week 19,
as it is the same as in adults despite the smaller vessel size. Near lung hilum,
arteries have an elastic wall. The arterial wall transforms in the streamwise
direction successively into a transitional, muscular, partially muscular, and finally
nonmuscular structure upstream from the capillary bed.

During the fetal life, pulmonary arteries possess a greater amount of smooth
muscle than in the adult for a given arterial size. In fetuses, arterioles have
thicker walls than in adults. Smooth muscle content progressively increases
from week 20 to birth [69]. Proximal arteries grow faster than those that are
distal.

2.5.2.2 Development of Intrapulmonary Veins

Drainage pattern of the preacinar region corresponds to that of pulmonary arter-
ies [70]. Growth of acinar veins occurs during childhood. Despite the presence of
some vascular smooth myocytes from week 28 of gestation, the muscular layer
cannot be detected in the vein wall before birth. The medial thickness remains
similar from birth to year 10. In the vein, the muscular layer is thinner than that of
arteries. Like arteries, the venous wall structure changes from nonmuscular, partially
muscular, muscular, and elastic from venules to large veins.

2.5.3 Pulmonary Circulation

Pulmonary blood volume is shared among the arterial, capillary, and venous
compartments (volume ~150, 100, and 200 ml, respectively. Blood flow rates
are nearly equal in serial pulmonary and systemic circulation due to permanent
adaptation of blood ejections between both hearts.

The circulation time between the pulmonary valve and the left atrium is less
than 4s. The mean capillary circulation time is about 700 ms, whereas the time
required for a balance between alveolar gas and blood is lower than 300 ms. At rest
in the lying position, ~0.7 < py, < ~3.3kPa and ~0.4 < p,, < ~1.3kPa. The
pulmonary vessel resistance (PVR) is smaller than 8 kPa/l/s.

The pulmonary blood flow is subjected to cyclic variations of the intrathoracic
pressure and indirect upstream (venous return and preload) and downstream effects
of the systemic circulation. During inspiration, the intrathoracic pressure decreases
and then the transmural pressure exerted at the vascular wall increases and con-
versely during expiration.
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Table 2.21 Mean and range of the diameter and length of branches of a
resin cast of a normal pulmonary arterial tree (Source: [2])

Caliber (m) Length (m)
Order Mean Range Mean Range
5 201 140-300 842 210-1600
4 143 80-220 746 90-1900
3 95 60-210 504 20-2010
2 59 40-100 285 10-1200
1 36 30-60

Pulmonary vasoconstriction is induced by alveolar hypoxia, pH increase, a-
stimulating substances, and angiotensin-2, whereas a-blocking molecules, acetyl-
choline, and bradykinin generate vasodilation.

The pressure range in the pulmonary microcirculation is lower than in the
systemic one. Because the pressure drop in the alveolar capillaries is small, RBC
transit time rises for efficient gas exchanges. Due to slow travel through the alveolar
capillaries, leukocyte concentration in the lung parenchyma is greater than in organs
perfused by the systemic circulation.

Heterogeneous distribution of the perfusion in the different lung regions is due
to the hydrostatic pressure difference between the lung apex and basis.?” Ventilation
distribution is aimed at partially matching the perfusion variations.

The lung is generally subdivided into 3 zones [144]. Zone 1, where p, < p, <
DA, 1s characterized by collapsed pulmonary capillaries. Zone 2, where p, < pa <
Pa 1s a transitional region where capillaries may undergo distal partial closure. In
zone 3, where pa < py < p,, capillaries are dilated.

2.5.4 Pulmonary Arterial Circulation

Large arteries of the low-resistance, low-pressure, pulmonary circulation pertain
to the elastic type. These highly distensible vessels, down to generation 7, have
a poorly developed mural musculature. In smaller intrapulmonary branches, the
amount of smooth myocytes augments. Mid-sized and small arteries as well as large
arterioles (caliber 0.1-2.0 mm) are mainly muscular. Capillaries lose their muscular
support.

The size and number of branches were measured from a resin cast of a
normal pulmonary arterial tree (Table 2.21) [2]. Capillary networks originate
from small arteries via various patterns. Most often, short precapillaries (average
length ~20wm) arise at right angles from branches of about 30 wm in caliber.

3 Hydrostatic pressure decrease with height at a rate of ~100 Pa/cm for arterial (p,) and venous
(py) pressure and ~0.1 Pa/cm for alveolar pressure (pa).
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Fig. 2.16 Three-dimensional reconstruction of pulmonary arteries (RPA: right pulmonary artery;
LPA: left pulmonary artery; T: trifurcation). (Top) Schematic of the investigated pulmonary
arterial network with branch generation numbers. (Bottom) Computational meshes (courtesy J.J.
Christophe)

Arcades join the ends of adjacent precapillaries; they generate capillary networks.
Arteries of 10 to 30 wm in diameter can terminate abruptly into capillary loops or
can divide to form gradually narrower vessels after 1 to 4 dichotomous divisions
and then the capillary network. Capillaries can also arise directly from large arteries
(diameter > 100 pm); they supply alveoli on first- and second-order respiratory
bronchioles.

The pulmonary resistance is about one-sixth of the systemic circulation value.
The pulmonary pressure is much lower than in that of the systemic circulation
(min ~1kPa; max ~ 3 kPa; mean ~ 1.7 kPa). For a peak velocity in the pulmonary
trunk of 60cm/s, a hydraulic radius of 1cm, and a kinematic viscosity (or
momentum diffusivity) of 3 x 107%m?/s, the peak Reynolds number is equal to
2000.

The short and wide pulmonary trunk (pulmonary artery or main pulmonary
artery; length ~ 5 cm; caliber 2-3 cm; Fig. 2.16) arises from the right ventricle base.
It has an ascending and posterior orientation, in front of the ascending aorta. It lies
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within the pericardium. It branches into left and right pulmonary arteries that deliver
deoxygenated blood to the corresponding lung.

The bifurcation of the pulmonary trunk has a variable shape (branching angle
100-180 degrees). The area ratio is greater than 1. Both caliber and medial thickness
of the pulmonary trunk increase with age [72]. The density of elastin in the
pulmonary trunk is not influenced by age and averages approximately 26%, with
considerable individual variation.

The caliber of the right pulmonary artery ranges from 17 to 30 mm, i.e., slightly
smaller than that of the pulmonary trunk. It passes under the aortic arch and behind
the superior vena cava. It runs nearly horizontally to the hilum of the right lung. It
then divides into inferior and superior branches. The superior branch supplies the
right upper lobe. The inferior branch delivers blood to the right middle and lower
lobes.

The short left pulmonary artery runs in a left, cranial, and posterior direction. It
then turns caudally to penetrate the hilum of the left lung. It lies in front of the
descending aorta, beneath the downstream segment of the aortic arch, to which
it is connected by the ligamentum arteriosum. Like the right pulmonary artery, it
bifurcates at the hilum into ascending and descending branches that supply the upper
and lower lobes, respectively.

The pulmonary microcirculation is characterized by arterioles that rapidly reduce
their caliber from 100 to 50 wm. Capillaries (caliber 8-9 wm; length 6-18 um) have
a bore that depends on gravity.

Nutrients are mainly supplied by the bronchial circulation, a component of the
systemic circulation. Bronchial capillaries communicate with pulmonary capillaries.
The drainage is ensured by both the systemic venous circulation via the azygos
vein and pulmonary veins. Therefore, bronchial arteries are unique in that they
possess a dual drainage: bronchial and pulmonary veins. Pre- and postcapillary
anastomoses exist between the bronchial and pulmonary circulation. In addition,
bronchial venous plexus communicate with small rami of pulmonary veins as well
as surrounding alveolar capillaries via small venules along bronchi and bronchioles.

From lung hila, bronchial arteries follow 2 distinct directions, the bronchial tree
down to terminale bronchioles and the visceral pleura. The pulmonary circulation
takes over the nutrition. However, some small bronchial arterioles can irrigate
alveolar ducts and, occasionally alveolar septa. In addition, bronchial arteries give
rise to vasa vasorum of pulmonary arteries, in addition to vasa nervorum and vasa
bronchorum.

2.6 Innervation of Ventilatory Organs

Remote control involves fast signal transmission via nerves that directly signal to
target cells as well as the release of hormones from more or less distant endocrine
cells that reach their targets by blood circulation (Vol. 2 — Chap. 1. Remote Control).
Both signaling types repond to stimuli to adapt ventilation and lung perfusion to the
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Table 2.22 Respiratory centers of the central nervous system

Brain region Respiratory centers Function
Pons Pneumotaxic center Inhibition of inspiratory center
(limitation of inspiration duration)
Apneustic center Inspiration activation
Medulla oblongata Inspiratory center Inspiration

Activation of diaphragm

and external intercostal muscles
Expiratory center Deep and/or forced expiration

Activation of abdominal muscles

and internal intercostal muscles

body’s need. Pulmonary circulation must match ventilation for adequate blood gas
content.

Cells can interact with each other via various substances, such as aminergic
neurotransmitters,>> peptides,34 hormones, growth factors, cytokines, and
prostaglandins, among other compounds. Target cells express receptors for these
substances.

Cells that participate in the nervous regulation of the ventilatory system include
sensors as well as afferent, efferent, and possible relay neurons and glial cells of the
central nervous system.

In the central nervous system, 4 main centers regulate pulmonary respiration:
inspiratory, expiratory, pneumotaxic, and apneustic centers; Table 2.22).

Inspiration results from a sudden ramped increase in motor discharge to inspira-
tory muscles. The inspiratory center (dorsal group of respiratory neurons) formed by
neurons of the nucleus tractus solitarius in the upper region of the medulla oblon-
gata controls the diaphragm and intercostal muscles responsible for inspiration.
These inspiratory muscles are connected to the nervous centers via spinal nerves.
Contraction of the diaphragm is triggered by 2 phrenic nerves that emanate from
cervical spinal nerves 3 to 5. Eleven pairs of intercostal nerves, the anterior branches
(rami anteriores) of the thoracic T1 to T11 spinal nerves regulate the activity of
intercostal muscles. Before the end of inhalation, motor discharge declines.

33 All monoamines derive from aromatic amino acids, such as phenylalanine, tyrosine, tryptophan,
and thyroid hormones (thyronamines) upon processing by aromatic amino acid decarboxy-
lases. They include histamine, catecholamines (dopamine, noradrenaline, or norepinephrine,
and adrenaline, or epinephrine), tryptamines (serotonin and melatonin), and trace amines (f-
phenylethylamine, tyramine, tryptamine, octopamine, iodothyronamine, and thyronamines). Var-
ious constituents of the aminergic system (adrenaline, dopamine, noradrenaline, and monoamine
oxidase) lodge in different regions of the brain (olfactory lobe, hippocampus, cerebellum, pons,
medulla, etc.). The synthesis of aminergic neurotransmitters is regulated via the rate-limiting
enzyme tyrosine hydroxylase. A vesicular transporter protein in dopaminergic, noradrenergic, and
serotonergic neurons in the brain enables accumulation of these 3 amines in synaptic vesicles.

34Peptides such as cholecystokinin may act as neurotransmitters.
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Table 2.23 Hering—Breuer reflex

Inspiratory center @ — Phrenic and intercostal nerves,
@ —> inspiratory muscles,
@ —> lung inflation

Pulmonary stretch receptors @ —>  vagus nerve,
© —> inspiratory center

Exhalation is usually passive, except at high ventilation rates. At rest, expiration
results from the relaxation of the diaphragm and intercostal muscles and lung
elastic recoil. A feedback control is ensured by central and peripheral chemo- and
mechanoreceptors.

When breathing increases, such as during exercise and coughing that helps to
remove large foreign bodies from the respiratory tract as well as smaller particles
entrapped in the mucus coating the respiratory epithelium, the expiratory center
primes the contraction of abdominal muscles and 11 internal intercostals (or
intercostales interni).>> The expiratory center (ventral group of respiratory neurons)
formed by neurons of the nuclei ambiguus and retroambiguus is located anteriorly
and laterally with respect to the inspiratory center.

The nervous centers change the amplitude and rhythm of respiration upon
reception of feedback signals sent by sensory neurons. The Hering—Breuer reflex
that uses the vagus nerve prevents lung overinflation (Table 2.23). When lung
airways expand during inhalation, the vagus nerve conveys information to the
medulla oblongata that, in response, temporarily inhibits the inspiratory center,
thereby priming expiration. Once bronchi and bronchioles return to resting size, the
vagus nerve ceases to send inhibitory signals, and the inspiratory center reinitiates
inspiration.

The pneumotaxic center (or pontine respiratory group) located in the pons
provides cyclic inhibitory impulses to the inspiratory center, thereby decreasing the
tidal volume. This center, which controls the breathing amplitude and respiratory
frequency, is only active during elevated breathing.

The apneustic center, also situated in the pons, activates inspiration at rest.
The apneustic center activity is canceled out by the pneumotaxic center when the
breathing rate increases. Conversely, the apneustic center delays arrest signals from
the pneumotaxic center.

Influence factors of the body’s respiration include: (1) voluntary control handled
by the cerebral cortex; (2) emotions driven by the hypothalamus and limbic system;
(3) body temperature; and (4) mechanically and chemically gated receptors.

33External intercostals (or intercostales externi) work in unison during deep inspiration. These
thick muscles are directed obliquely downward and laterally. Internal intercostals are also directed
obliquely, but in a direction opposite to that of external intercostals. Internal intercostal muscles
counteract the action of external intercostal muscles.
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Proprioceptive receptors, or proprioceptors, localize to skeletal muscles, tendons,
and joints that sense body movements. During exercise, these receptors transmit
signals to the respiratory centers to increase breathing frequency and amplitude.

Pain receptors, a major type of nociceptors, operates similarly to provoke
hyperventilation. External nociceptors include cutaneous and mucosal nociceptors;
internal nociceptors reside in organs (muscle, joint, digestive and urinary tracts,
etc.). Cell bodies of nociceptor neurons lodge in the dorsal root ganglia or trigeminal
ganglia.

Certain sensory neurons can function as polymodal nociceptors that can respond
to both heat and mechanical stimuli. Cutaneous thermoreceptors can also signal to
the cerebral cortex, which, in turn, activates respiratory centers, causing hyperven-
tilation.

Irritant receptors are sensory terminals of myelinated afferent fibers that reside in
bronchial and bronchiolar walls. Irritant receptors respond to smoke and dust; they
are stimulated by histamine, serotonine, and prostaglandins, as well as inflation,
deflation, and acute congestion of blood capillaries [73]. Their stimulation causes
prolonged inspiratory duration and excitatory responses, such as a cough and gasp.

In addition, juxtacapillary (J) receptors in alveolar walls are innervated by fibers
of the vagus nerve. Juxtacapillary receptors, or unmyelinated C-fiber endings,*®
reside in alveolar walls, close to capillaries of pulmonary circulation (hence their
name), as well as in bronchial walls, near capillaries of the bronchial (systemic)
circulation. They are stimulated by hyperinflation, lung injury, and edema (espe-
cially alveolar J receptors), and by exposure to chemicals, such as histamine and
serotonine (especially bronchial J receptors) [73]. Their acute and strong stimulation
can cause apnea and a fall in systemic vascular resistance. Afferent, unmyelinated
C fibers of the somatic sensory system innervate both the pulmonary capillary
bed and airways, thereby yielding vagal inputs with different properties from these
2 neighboring structures.

The human body uses 2 major ventilatory control systems to maintain the content
of oxygen, carbon dioxide, and protons: the chemical and behavioral control of
breathing. Whereas chemical control of breathing relies on arterial and brain partial
pressure in O, and CO, and pH sensed by peripheral and central chemoreceptors, the
behavioral control of breathing is based on cues received from different sites (e.g.,
cortical and subcortical regions and hypothalamus, as well as proprio- and nocicep-
tors). The behavioral control of breathing regulates breathing either by direct control
of respiratory motoneurons (corticospinal control of the body’s respiration) or by
modulation of respiratory centers in thebrainstem via the reticular activating system

35C-Fibers are associated with nerves of the somatic sensory system. These unmyelinated afferent
fibers (diameter 0.2—1.5 wm) convey inputs from the periphery to the central nervous system with
a slow conduction velocity (< 2m/s). C fibers synapse to neurons in the dorsal horn of the spinal
cord. Polymodal C fibers react to various stimuli.
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Table 2.24 Variation with age of the breathing frequency
(Source: Wikipedia). In a healthy young adult, tidal vol-
ume, the volume of air inhaled or exhaled during quiet
breathing, equals approximately 500 ml. Eupnea means
a normal resting breathing frequency. Tachypnea refers
to an elevated breathing frequency and bradypnea to a
slow breathing rate. Hyperpnea is an increased amplitude
of breathing to match metabolic needs; hypopnea is a
decreased breathing amplitude (shallow breathing). Hyper-
ventilation refers to an inappropriate ventilation rate

Age Breathing frequency (Hz)
Birth-week 6 0.5-1.0

3 years 0.3-0.5

10 years 0.25-0.33

Adults 0.2-0.3

(or extrathalamic control modulatory system). In addition, the behavioral control
can modulate the chemical control to optimize breathing for the body’s needs.

The average breathing frequency?’ in healthy adults at rest is usually 0.2-0.3 Hz.
In fact, resting breathing frequency varies with age (Table 2.24).

2.6.1 Neurons

Neurons are electrically excitable cells that generate, receive, process, and transmit
information. Neurons are composed of a soma (or cell body), dendrites (thin cellular
extensions with many branches), and an axon (thin, long cellular projection).

A majority of neurons receive inputs on the soma and dendrites and transmit
output via the axon and discharge of neurotransmitters stored in presynaptic vesicles
into synaptic clefts. Synaptic transmission allows the propagation of electrochemi-
cal signals, within a millisecond after release, as neurotransmitters activate receptors
on target cells and trigger a depolarization wave.

Afferent neurons convey information from tissues to the central nervous sys-
tem. Efferent neurons transmit signals from the central nervous system to the
effectors. Interneurons connect neurons. Excitatory and inhibitory neurons excite
and inhibit their targets, respectively. Modulatory neurons are responsible for
neuromodulation.

Neuromodulators modulate the release of neurotransmitters (acetylcholine, cate-
cholamines, indolamines, excitatory amino acids such as glutamate, and inhibitory
amino acids such as y-aminobutyric acid) or neuropeptides. Chemokines (inter-
leukins, tumor-necrosis factors, and interferons) that are constitutively expressed
in glial cells and neurons can also serve as neuromodulators.

37 A k.a. pulmonary ventilation rate and pulmonary respiration rate.
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2.6.2 Autonomic Nervous System

The autonomic nervous system is constituted of 2 complementary sympathetic and
parasympathetic networks. The autonomic nervous control of breathing and blood
circulation enables optimal coupled air and blood flows according to metabolic
needs upon signaling from peripheral sensory cells.

2.6.3 Parasympathetic and Sympathetic Control

A stressful event provokes a temporary stimulation of the sympathetic nervous
system and a simultaneous reduction in parasympathetic activity. Once this event
is ended, parasympathetic activity increases to assist the return of physiological
functions to resting levels.

The autonomic nervous system controls delivery of oxygen and nutrients to
the body’s cells. The sympathetic innervation of the heart and blood vessels is
excitatory (positive chronotropy and inotropy as well as vasoconstriction). The
sympathetic innervation of airways causes bronchodilation to favor oxygen transfer
(Table 2.25). The complementary parasympathetic (vagal) innervation balances
sympathetic ouput, thereby preventing excessive activation of the sympathetic
nervous system.

An optimal autonomic balance supports the cardiopulmonary function. Blow
flow waveform with its amplitude, frequency, and phase is related to breathing
rhythm with its frequency and amplitude. Generally, the heart beats faster (e.g.,
frequency ~1.4Hz) and slower (e.g., frequency ~1.2Hz) during inhalation and
exhalation, respectively.

2.6.3.1 Nervous Receptors of the Tracheobronchial Tree

More than 5500 afferent nervous fibers from the vagus nerve enter the left
pulmonary lobes [74]. Among these fibers, about 9% are myelinated and 91% are
unmyelinated.

Sympathetic afferents are characterized by a discharge rate linearly related to
transpulmonary pressure and a conduction velocity ranging from 7 to 12 m/s [74].
They may be connected to pulmonary structures and pulmonary veins and arteries.
Excitation by some chemical and mechanical stimuli to airways can be mediated by
sympathetic afferents.

Stimulation of rapidly adapting irritant and stretch receptors and/or C-fiber recep-
tors in the lungs and airways elicits an airway reflex defense (cough, bronchocon-
striction, and increased mucus secretion). Tobacco smoke is a potent stimulus for
these 2 types of receptors.

Mechanosensitivity of rapidly adapting and slowly adapting low-threshold
mechanoreceptors may rely on HT-gated (acid-sensing) ion channels (ASIC), a
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Table 2.25 Effects of the parasympathetic and sympathetic components of the auto-
nomic nervous system on the cardiovascular and ventilatory apparatus. The sympathetic
system associated with the thoracolumbar outflow consists of cell bodies of general
visceral efferent and preganglionic neurons in the lateral horn of the spinal cord
from the T1 to L2 level of the vertebral column. Preganglionic neurons synapse with
postganglionic neurons of paravertebral and prevertebral sympathetic ganglia, in addition
to chromaffin cells of the adrenal medulla. Splanchnic nerves such as cervical cardiac and
thoracic visceral nerves synapse in the paravertebral chain, whereas thoracic splanchnic
nerves synapse in the prevertebral ganglia. The parasympathetic system associated with
the craniosacral outflow comprises cell bodies in the brainstem (cranial nerves III,
VII, IX, and X) and in the sacral spinal cord. Preganglionic neurons synapse with
postganglionic neurons of the parasympathetic ganglia of the head and in or near the wall
of innervated organs. In particular, vagus and thoracic spinal accessory nerves innervate
the heart and lungs, among other organs. The vagus nerve that controls many thoracic,
abdominal, and pelvic organs (hence its name) originates in the dorsal nucleus of the
vagus nerve and nucleus ambiguus. It generates parasympathetic cardiac nerves that form
cardiac and pulmonary plexus (a: a-adrenergic receptor; p: P-adrenergic receptor; M:
acetylcholine muscarinic receptor)

Effects

Parasympathetic Bronchoconstriction (M3)
Negative chronotropy, dromotropy, inotropy (M;)
Vasodilation (M3)

Sympathetic Bronchodilation (82 major contribution)

Positive bathmotropy, chronotropy, dromotropy, inotropy
Vasoconstriction (digestive tract and skin [a])
Vasodilation (small coronary arteries [$2])

Vasodilation (skeletal muscle arteries [B2])

subset of the Degenerin—epithelial Na™ channel set, which are Na*-selective or
Na™ -preferring cation channels [75].

Slowly Adapting Stretch Receptors

Slowly adapting stretch receptors (SASR) have a long-lasting discharge in response
to a maintained lung inflation. Their activity rapidly declines immediately after
inflation and slows progressively into a sustained firing, hence their name. They
have myelinated axons.

Bronchial and Ttracheal SASRs

Slowly adapting stretch receptors are observed along the tracheobronchial tree down
to terminal bronchioles. The SASR concentration is higher in the large proximal
airways and progressively declines toward the periphery [74].
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Most slowly adapting stretch receptors localize to intrathoracic airways. These
receptors regularly increase their rate of discharge in the course of inspiration,
reacting to the circumferential tension (inflation reflex) [74].

On the other hand, SASRs in the extrathoracic trachea augment their activity
during expiration. A proportion of SASRs (27-63%) maintain a discharge at the
functional residual capacity. Most SARs are active at zero transmural pressure and
respond to both distending and collapsing transmural pressures.

Therefore, activation of extra- and intrathoracic airway SASRs during a breathing
cycle is out of phase. During inspiration, activity of the intrathoracic SASRs
increases, that of the extrathoracic tracheal SASRs decreases, and conversely during
expiration.

Tracheal SASRs reside in the membraneous posterior wall, within the trachealis
muscle. When it expands during lung inflation, mural deformable cartilage stretches
the highly flexible posterior wall. This mechanical coupling between these 2 wall
faces may explain the asymmetrical response curve of tracheal SASRs to positive
and negative transmural pressures.

SASR Diversity, Function, and Mechanism of Action

A particular category of slowly adapting receptors that also have myelinated axons
and localize to both intrapulmonary and extrapulmonary intrathoracic airways has
an expiratory discharge during spontaneous ventilation, at least in some mammal
species [74].

Most of the extrapulmonary SASRs are active at FRC; most of the intrapul-
monary SASRs have a higher transmural pressure threshold within the tidal volume
range [74]. Extrapulmonary SASRs also respond to negative transmural pressure
above a given threshold. Type-1 SASR in large airways has a response that tends
to saturate above about 1kPa; type-2 SASR in distal airways has a more linear
response.

Like baroreceptors, most SASRs respond not only to the magnitude of the
transmural pressure (static response), but also to its rate of change (dynamic
response). The receptor fires at a higher rate when the transmural pressure varies
than at a steady transmural pressure. The higher the rate of inflation is, the higher
the increase in receptor discharge. In addition, the faster the inflation, the lower the
recruitment threshold. Moreover, at a given inflation rate, the higher the transmural
pressure is, the greater the rise of the firing rate.

Influence Factors
Inhaled air cooling depresses both the static and dynamic responses of SASRs.

This effect can explain, at least partly, the bronchoconstrictive action of inhaling
cold air.
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Inhaled carbon dioxide can either stimulate or inhibit airway SASRs. Inhibition
of CO; is particularly strong in hypocapnic conditions and weakens at or above
normocapnic levels. This gas targets bronchial, but not tracheal SASRs [74].
Hypercapnia and hypoxia can cause bronchoconstriction via chemoreceptor stim-
ulation and then SASRs increase their activity.

Rapidly Adapting Stretch Receptors

Rapidly adapting stretch receptors (RASR) have an irregular and scant activity in
eupnea, more often during inspiration; hyperpnea increases their discharge. Their
number is smaller than that of SARS. Their conduction velocities are slightly lower
than that of SARs [74].

Localization

Rapidly adapting stretch receptors reside in bronchi and bronchioles, but are
concentrated in the first generations. In the extrapulmonary airways, the RASRs
density increases from the upper trachea to the main stem bronchus. Unlike SARS,
they lodge all along the circumference.

Function

They respond to large deformations resulting from positive and negative transmural
pressures. Like SASRs, RASRs respond to transpulmonary pressure as well as to
its rate of change; However, they do not operate like SARSs. They react to a step
change in pressure with a burst of action potentials at irregular intervals that subsides
very rapidly [74].

At a constant rate of inflation, RASRs increase their firing as lung volume rises.
Their activity depends on flow rate, but this effect tends to saturate, whereas SASRs
have an increasing sensitivity to flow rates. An increase in inflation rate lowers the
volume threshold at which RASRSs are recruited.

Response to Inhaled Agents

Many inhaled irritants, such as the gas sulfur dioxide, aerosols, inert dusts,
and fumes, activate RASRs. Bronchoactive substances, such as acetylcholine,
bradykinin, histamine, serotonin, substance-P, and prostaglandin PGf,,, stimulate
RASRSs by causing bronchoconstriction [74]. Like for SARSs, CO, inhibits RASRs,
especially at low levels of hypocapnia.

C-Fiber Receptors

In humans, the alveolar wall contains unmyelinated fibers and afferent terminals;
the tracheal epithelium also has unmyelinated fibers with corresponding terminals.
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Diversity

Pulmonary C-fiber receptors, or J receptors (Sect. 2.6), lodge in the lung pare-
nchyma, outside the bronchial and bronchiolar walls, unlike bronchial C-fiber
receptors. They may reside in the pulmonary or bronchial circulation as well as
in alveolar walls. In any case, both types have the same action. They provoke rapid,
shallow breathing, bronchoconstriction, cough, mucous secretion, bradycardia, and
a decrease in total vascular peripheral resistance [74].

An increase in interstitial pressure such as that during edema stimulates pul-
monary C-fiber endings, but has only a weak effect on bronchial C-fiber endings.
Pulmonary C-fiber receptors may provide an excitatory input for the control of
breathing rate that opposes the inhibitory input from SARs. Bronchial C fibers
double their activity when the local temperature rises from 29 to 33°C [74].

Mechanosensory Pulmonary and Chemosensory Bronchial C-Fiber Receptors

Pulmonary C-fiber receptors are mainly mechanosensors; bronchial C-fiber recep-
tors are predominantly chemosensors. Bronchial C fibers respond to humoral
mediators of inflammation, such as bradykinin, histamine, prostaglandins, and
serotonin. Pulmonary C fibers are stimulated by series-E prostaglandins as well as
CO; possibly via a vagus-mediated hyperpnea [74].

2.6.3.2 Respiratory Rhythm

Six different sets of neurons are defined according to their firing patterns, membrane
potential changes, and synaptic inputs [76]. Four sets of neurons fire during
inspiration: (1) preinspiratory neurons (prel) that are excited at the transition
between expiration and inspiration; (2) early inspiratory neurons (earlyl) that send
impulses from the beginning to the middle of inspiration; (3) ramp-inspiratory
neurons (rampl) that discharge throughout inspiration; and (4) late-inspiratory
neurons (latel) that are activated at the end of inspiration. During the transition
between inspiration and expiration, postinspiratory neurons (postl) are activated.
Expiratory neurons (E2) fire during expiration.

The respiratory outflow in spinal motoneurons supplying respiratory muscles
originates from the bilateral dorsal (DRG) and ventral (VRG) group of respiratory
neurons within the lower brainstem. Only VRG appears to be essential for rhythm
generation.

Respiratory rhythmogenesis relies on a network of mostly antagonistically
connected respiratory neurons of the 6 above-mentioned sets [76]. Other groups
of neurons shape the activity pattern. Respiratory rhythm results from synaptic
interaction and cooperative adjustment of excitability levels via voltage-gated
ion channels. Excitatory synaptic interaction operates via glutamatergic synaptic
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activation through AMPA- and NMDA-type glutamate receptors. Periodic inhibition
of synaptic inputs is mediated by GABA and glycine receptors.

2.6.3.3 Reciprocal Interaction Between Baro- and Chemoreceptors

Afferents for both the cardiovascular and ventilatory apparatus originate from baro-
and chemoreceptors. Afferents associated with baroreceptors and other mechanore-
ceptors such as volume receptors project to the nucleus of the solitary tract [221].
Afferents transmitting signals triggered by chemical or physical messengers project
to the spinal cord.

Control mechanisms that govern ventilation and blood circulation interact.
Hypotension and hypoxemia often happen together, so that baro- and chemorecep-
tors are activated simultaneously. The corresponding reflexes are then activated syn-
ergistically. The vasoconstrictor response to stimulated chemoreceptors is enhanced
by hypotension and impeded by transient hypertension, due to, at least partly,
a central interaction of chemo- and baroreceptor reflexes [77]. Increased blood
pressure in a carotid sinus primes the baroreflex and prevents the vasoconstrictor and
ventilatory responses to chemoreflex activation by controlateral chemoreceptors.

In paralyzed anesthetized cats, the fastigial pressor response, the pressor response
to electrical stimulation of the fastigial nucleus (or nucleus fastigii) of the cerebel-
lum, negatively interacts with the depressor response to electrical stimulation of
the carotid sinus nerve [78]. Blood pressure responses resulting from stimulated
fastigial nucleus and carotid sinus nerve are mutually inhibitory. Interneurons that
mediate pressor and depressor responses in the paramedian reticular nucleus of
the medulla are excited by stimulation of either the fastigial nucleus and carotid
sinus nerve. Neurons in the medulla include: (1) carotid sinus baroreceptor neurons
that fire rhythmically in synchrony with or are modulated by the cardiac cycle;
and (2) carotid body chemoreceptor neurons that are excited by stimulation of
chemoreceptors.

Baro- and chemoreceptor neurons that run via the carotid sinus nerves project
either in the intermediate zone of the nucleus of the solitary tract or more medial
regions of the medulla, i.e., in the parahypoglossal area or in the dorsal region of the
paramedian reticular nucleus [79]. The paramedian reticular nucleus participates in
the depressor response to electrical stimulation of myelinated fibers of the carotid
sinus nerve and the depressor response to carotid sinus stretch, but precludes
the pressor response to chemoreceptor stimulation. It does not intervene in the
cardiovagal reflex (heart rate response). On the other hand, the intermediate zone of
the nucleus of the solitary tract receives signals from unmyelinated baroreceptor and
all chemoreceptor neurons that operate in cardiovascular reflexes (all blood pressure
and heart rate responses) to electrical stimulation of the carotid sinus nerves.

Breathing at a slower pace (e.g., frequency ~1.0Hz) increases the coher-
ence (smoothness) of breath-to-breath heart rate fluctuations and the synchrony
(resonance) between respiration and blood circulation parameters. In summary,
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the breathing tempo is imposed by sympathetic and parasympathetic activity.
Conversely, breathing contributes to the short-term modulation of sympathetic and
parasympathetic nerve activity.

In addition to short-term between-breath ventilatory—cardiovascular interactions
within the phases of ventilation, sustained changes in ventilatory amplitude such as
during hyperventilation caused by exercise as well as that resulting from hypoxia or
hypercapnia can influence the cardiovascular control in general and the baroreflex in
particular. Change in respiratory amplitude influences oscillatory (phasic) features
of sympathetic outflow [80]. Sustained isocapnic hyperventilation increases blood
pressure and causes tachycardia, but does not change muscle sympathetic nerve
activity. The absence of induced cardiac slowing and of sympathetic inhibition
in response to higher blood pressure during hyperventilation reflects attenuation
of arterial baroreflex sensitivity to oscillations in systolic blood pressure and
baroreflex control of both heart rate and sympathetic signaling. Faster breathing
rates potentiate the chemoreflex response to hypoxia and hypercapnia [80]. During
large inspirations, muscle sympathetic nervous activity changes are followed by
an increase in sympathetic signaling during expiration, but integrated sympathetic
activity is not influenced by changes in tidal volume. Spontaneous respiratory rate
is thus linked to overall sympathetic activity.

During exercise, the baroreflex is overridden, as tachycardia is associated with
an increase in blood pressure. A 3-fold rise in tidal volume dampens baroreflex.
On the other hand, slow respiratory rate reduces dyspnea and improves exercise
performance and baroreflex function in patients with heart failure.

During isocapnic hypoxia, ventilation and blood pressure increase markedly
more than during hypocapnic hypoxia, but sympathetic nerve activity rises more
during hypocapnic hypoxia than during isocapnic hypoxia [81]. During hyper-
ventilation, the sympathoexcitation of isocapnic hypoxia is attenuated compared
to hypocapnic hypoxia, possibly because of the inhibitory influence of activated
pulmonary afferents resulting from ventilation increase and of activated barorecep-
tors due to a greater rise in blood pressure. Consequently, in humans, increased
ventilation in response to chemoreceptor stimulation predominates, but it restrains
the sympathetic response to chemoreflex stimulation.

Hypercapnia and hypoxia elicit a greater ventilatory response in subjects with
a fast breathing rate than in subjects with a slow breathing rate [82]. Spontaneous
respiratory rate is linked to chemoreflex sensitivity and muscle sympathetic nerve
activity. The faster the respiratory rate is, the greater the sympathetic activity
and the higher the chemoreflex response to hypoxia and hypercapnia [82]. The
relation between sympathetic output and spontaneous breathing rate is independent
of age, body mass (especially amount of body fat), physical activity, and blood
pressure [82].

The autonomic nervous system comprises afferent and efferent neurons between
the central nervous system and body’s organs. The sympathetic and parasympathetic
systems control smooth and cardiac myocyte activity as well as glandular secretion.
The nervous control of the body’s respiration operates via cholinergic parasympa-
thetic neurons and sympathetic efferents.
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Cholinergic preganglionic neurons innervate ganglia, glands, or nervous ganglia
such as the cardiac ganglionic network. The peripheral ganglia contain motoneurons
that control smooth muscles and other visceral targets.

Sympathetic preganglionic cholinergic neurons originate from the spinal cord
and travel to pre- or paravertebral ganglia,® where they synapse with sympathetic,
postganglionic, noradrenergic neurons. Sympathetic postganglionic neurons extend
to reach their destinations.

Sympathetic preganglionic neurons receive synaptic contributions from the
spinal cord, medulla oblongata, and hypothalamus. Barosensitive sympathetic
efferents is mainly fed by the rostral ventrolateral medulla.*

Three main classes of sympathetic efferents, baro-, thermo-, and glucosensitive,
innervate the heart, blood vessels, kidneys, and adrenal medulla.

Thermosensitive efferents consist of cutaneous vasoconstrictors. They are acti-
vated by hypothermia, hyperventilation, and emotions.

Glucosensitive efferents control adrenaline release from adrenal medulla. They
are activated by hypoglycemia and exercise.

Barosensitive efferents, the largest class, have a rest activity. They discharge in
bursts synchronized with cardiac and respiratory frequency. The barosensitive effer-
ents are responsible for the short-term control of the blood pressure. Barosensitive
efferents are subjected to various stimuli, lung stretch-sensitive afferents activated
by the ventilation, activated muscle receptors during exercise, activated visceral or
cutaneous nociceptors, as well as activated peripheral and central chemoreceptors.
The chemoreflex corresponds to the activation of peripheral chemoreceptors by
hypoxia and hypercapnia that increase the activity of barosensitive sympathetic
efferents.

Like the sympathetic efferent nervous system, the parasympathetic efferent
nervous system consists of both pre- and postganglionic neurons. Parasympathetic
cholinergic neurons travel to parasympathetic ganglia on or near organs.

The vagus nerves (pneumogastric nerves or cranial nerves X) innervate the
thoracic (esophagus, heart, pharynx, larynx, trachea, bronchi, and lungs) and
abdominal viscera. Several parasympathetic nerves come off the right and left vagus

38 Axons of preganglionic nerves penetrate in the paravertebral sympathetic chain ganglia, where:
(1) they terminate by meeting postganglionic neurons or (2) continue to travel toward: (2.1) a
superior or inferior paravertebral ganglion or (2.2) prevertebral ganglion, in both cases to synapse
with postganglionic neurons.

3The rostral ventrolateral medulla is a set of heterogeneous glutamatergic C1 neurons. A majority
of CI1 neurons synthesize adrenaline. C1 neurons are connected to the medulla oblongata and
pons. Barosensitive C1 neurons also receive inputs from the brain and spinal cord. GABA inputs
from the caudal ventrolateral medulla are required in the baroreflex. Brainstem regions, such as
the caudal pressor area, midline depressor area, subnuclei of the nucleus of the solitary tract,
and gigantocellular depressor area, relay electrical or chemical stimulation aimed at triggering
blood pressure adaptation. The rostral as well as the caudal ventrolateral medulla also contains
interneurons that contain y-aminobutyric acid. Many interneurons have a baseline activity.
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nerves as they enter the thorax, such as the recurrent laryngeal and cardiac nerves.
The latter form cardiac and pulmonary plexus.

The central nervous system is also directly regulated by circulating factors.
Hormones and cytokines act via circumventricular organs (subfornical organ,
organum vasculosum lamina terminalis, and area postrema). Endothelial cells
release regulators (e.g., nitric oxide and prostaglandins) that cross the blood—brain
barrier (Vol. 5 — Chap. 7. Vessel Wall) and stimulate the hypothalamus, rostral
ventrolateral medulla, and nucleus of the solitary tract.

Changes in ion concentrations are detected in the hypothalamus. Brainstem
chemoreceptors sense the level of blood gases. The renin—angiotensin axis also
directly acts on the central system. Circulating angiotensin-2 activates angiotensin-2
receptors AT on endothelial cells, releasing nitric oxide.*°

2.6.4 Evolution of Innervation of the Ventilatory Apparatus

Concentration of certain hormone receptors and B-adrenergic receptors decays
during aging, at least in human circulating mononuclear (one-lobed nucleus) leuko-
cytes (i.e., monocytes and lymphocytes) [83]. In fetal rabbits, f-adrenoreceptor
density is higher in airways than alveoli [84]. Glucocorticoids increase their
number in alveoli, but not in airways and myocardium. In adults, $-adrenoreceptor
amount is also higher in airways than alveoli and greater than in fetuses. In rats,
B-adrenoceptor density markedly increases in whole lung during postnatal mat-
uration. P-Adrenoceptors are primarily of the P2 subtype [85]. In newborns,
B-adrenoceptor density is comparable in bronchial smooth myocytes and alveolar
cells, but lower in pulmonary arterial smooth myocytes. In adult (3-month old)
rats, f-adrenoreceptor density is similar in pulmonary arterial and bronchial smooth
myocytes, but 2-fold greater in alveolar cells.*! In rats, the postnatal number of
cholinergic muscarinic receptors in lungs decays with respect to fetal density [86].4>
In the human fetal lung, B-adrenoceptors and receptors for vasoactive intestinal
polypeptide are present in respiratory epithelium, terminal tubules, and pulmonary
arteries at gestational week 14 and their number rises afterward [42]. a1-Adrenergic
and muscarinic receptors are detected after gestational week 23. Muscarinic recep-
tors and f-adrenoceptors decay and augment in the first year of life, respectively.

“4ONitric oxide diffuses across capillary walls and potentiates the release of y-aminobutyric acid.
41B-Adrenoceptor density in pulmonary arterial smooth myocytes rises from 1 to 20 days and
remains nearly constant thereafter. 3-Adrenoceptor density in bronchial smooth myocytes does not
change from 1 to 13 days and then increases from 13 to 6 months [85].

“The dissociation constant equals 0.25 nmol in 2-month-old rats and does not significantly change
during development.
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Neuron-specific enolase® resides in neuroblasts, neurons, and endocrine cells
from gestational week 8, before the appearance of activity of acetylcholinesterase
(10-12 weeks) as well as that of dopamine P-hydroxylase, vasoactive intestinal
polypeptide, and calcitonin (20 weeks) [87]. Unlike central neurons, peripheral
neurons of the lung contain neuron-specific enolase before full maturation and
establishment of synaptic contact with target organs.

From the ectoderm, the neural plate and crest develop autonomic nerves that
migrate to supply pulmonary structures. Neural crest cells move to the wall of the
future trachea before it separates from the esophagus (i.e., at gestational wk 4-5)
and lung buds. Main anatomical features of the sympathetic and parasympathetic
systems are established at gestational week 6 [42]. Ganglia appear in the trachea by
week 7 of fetal life and extend to second generation bronchi. A posterior and inner
plexus is observed between the cartilage and epithelium with nerves extending to
submucosal glands and tracheal muscle by week 16. At week 16, ganglia develop
at bronchial bifurcations and small bronchi. Innervation of adventitia of arteries and
veins begins at week 10. Pulmonary nerves mainly synthesize vasoconstrictors.

At birth, sympathetic and parasympathetic nerves extend down to alveolar
ducts; both distribution and number of airway nerves are similar to that in adults.
Between birth and year 3, the distribution and relative number of nerves does
not markedly change. However, the total number of nerves that mainly produce
bronchodilators decreases after year 3 [42]. Bronchoconstrictor reactivity also
decreases with age during infancy and childhood. Conversely, the relative number of
vasoactive intestinal polypeptide-containing (VIP+) nerves that innervate bronchial
and bronchiolar smooth muscles is greater in adults (17-24 year old) [88].

2.6.5 Nerve Subpopulations

Nerve subpopulations in airways can be identified by their neurotransmitters
and neuromodulators, such as neuropeptide tyrosine (NPY),** vasoactive intestine

“Enolase, a.k.a. phosphoglycerate hydrolase and phosphopyruvate hydratase, is a metalloenzyme
that catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate, the final stage of
glycolysis. Enolase isozymes, which are homodimers, include: enolase-1 (Enol), or enolase-a,
which resides in various cell types, such as those of the brain, kidney, liver, spleen, and adipose
tissue; lung-specific enolase-a (Enolb); enolase-2 (Eno2), or neuron-specific (NSE) enolase-y,
also detected in neuroendocrine cells; and enolase-3 (Eno3), or muscle-specific enolase-f; in
addition to enolase-4 (Eno4). Neuron-specific Eno2 and nonneuronal Enol are markers for neurons
and glial cells, respectively.

“Neuropeptide-Y, a 36-amino acid neurotransmitter (the symbol Y representing tyrosine), shares
sequence homology with 2 other peptides: pancreatic polypeptide (PP), secreted by PP cells of
the pancreas, and peptide-Y'Y, localized to endocrine cells of the ileum and colon. It is found in
noradrenergic ganglion cells, especially nerve fibers in the adventitia of blood vessels and airway
smooth muscles, in addition to the brain and heart. During human development, NPY+ nerve
fibers are first observed at gestational wk 20 in the trachea; fibers gradually extend down to the
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peptide,”> somatostatin,*® substance-P,*’ and calcitonin gene-related peptide,*®

as well as tyrosine hydroxylase [88].*° Many potent bioactive peptides can be
detected in the mammalian respiratory tract. Vasoactive intestinal polypeptide and
substance-P are found in the lung innervation; bombesin and calcitonin localize
to mucosal endocrine cells; cholecystokinin and somatostatin are identified in
the respiratory tract [89]. Neuropeptide-Y+ nerves are the most common neuron
subpopulation that supplies bronchial smooth muscle, submucosal glands, cartilage,
and submucosa.

Nerve types that supply the human pulmonary vasculature can also be identified
by neuronal marker (e.g., calcitonin gene-related peptide, neuropeptide-Y, somato-
statin, substance-P, synaptophysin [an integral membrane glycoprotein of synaptic
vesicles of neuroendocrine cells and almost all neurons of the brain and spinal cord],
tyrosine hydroxylase, vasoactive intestinal polypeptide, and ubiquitin C-terminal
esterase-L1 [UCHI1]).>° In normal (from month 1 to year 24) and hypertensive
(day 11-year 8) lungs, neuropeptide tyrosine is also the predominant neuropeptide
associated with pulmonary vascular nerves [91]. In normal lungs, the density of
nerves increases during childhood only in arteries of the respiratory unit.

The density in vasoactive intestine peptide receptors is high in airway epithelium,
submucosal glands, bronchial smooth muscle, and alveolar wall, as well as in blood
vessels, whereas it is much lower in bronchiolar smooth muscle [92]. In mucovisci-
dosis, VIP receptor density markedly diminishes, except in bronchial smooth mus-
cle; VIPR decrease is not significant in bronchiectasis; it is not observed in asthma.

2.6.6 Mechanosensors — Baroreceptors and Voloreceptors

Fast-responding mechanosensors transduce the stretch undergone by the wall and
papillary muscles under increasing luminal pressure and tension exerted by cordae
tendinea. They ensure beat-to-beat coordination of the heart rate and contractility.

intrapulmonary airways after birth [89]. Neuropeptide-Y causes endothelin-1 secretion in left and
right human endocardial (endothelial) cells via activation of the Y5 receptor and mainly Y, and
partly Y5 receptors, respectively [90].

#Vasoactive intestinal peptide is produced in many tissues. It has a positive inotropic and
chronotropic effect, causes vaso- and brochodilation, and increases glycogenolysis.
46Somatostatin is an inhibitory hormone and neuromodulator.

4TThis neuropeptide is a neurotransmitter and neuromodulator. It belongs to the tachykinin family.
This potent vasodilator acts via nitric oxide. It is also a bronchoconstrictor.

“8This peptide is a potent vasodilator and pain transmitter.

#Tyrosine hydroxylase, or tyrosine 3-monooxygenase, catalyzes the conversion of “tyrosine to
L(3,4)-dihydroxyphenylalanine (~\DOPA), using oxygen, Fe?T, and tetrahydrobiopterin. Product
LDOPA is a precursor of dopamine, which, in turn, is a precursor of noradrenaline and adrenaline.
30A k.a. ubiquitin thiolesterase and protein gene product-9.5 (PGP9.5). This member of the
ubiquitin hydrolase family, an unspecific neural and nerve sheath marker, lodges in neurons and
neuroendocrine cells as well as in smooth muscle and germinal centers.
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The magnitude of the baroreceptor responses depends on the targeted organ. Signal
acquisition depends on receptor sensitivity. Mechanical signals are then transduced
into electrochemical events with given neural firing rates.

Arterial baroreceptors are stretch receptors stimulated by intramural tension
distortion of the arterial wall when pressure changes. Baroreceptors of the carotid
sinus respond to pressures ranging from 8 to 24 kPa. Baroreceptors of the aortic
arch, less sensitive than those of the carotid sinus, have a higher threshold pressure.

Baroreceptors are sensitive to changes in both the average blood pressure and rate
of change in pressure. The combination of reduced mean pressure and attenuated
pulse pressure reinforces the baroreceptor reflex [93]. The background activity can
either decay or rise for blood pressure stabilization. The firing rate of the baroceptor
nerves increases with blood pressure, and hence wall deformation, from a threshold
up to a maximum (saturation).

Activated baroreceptors inhibit the sympathetic nervous system and activate
the parasympathetic nervous system, thereby reducing total peripheral resistance
and cardiac output. Increased baroreceptor firing actually not only impedes the
sympathetic activity to the heart, blood vessels, and kidneys, but also increases
vagal tone to the heart. Conversely, a fall in arterial pressure reduces afferent signals,
which relieves inhibition of sympathetic tone, increases the peripheral resistances,
and restores the cardiac output and subsequently the arterial pressure.

Arterial, high-pressure-sensing baroreceptors localize to the transverse aortic
arch and carotid sinuses of the left and right internal carotid arteries (high-pressure
circuit). Aortic and carotid baroreceptors monitor the blood pressure delivered to
the systemic circuit, except a part of the neck and face, and brain, respectively.

The low-pressure-sensing, less sensitive baroreceptors, or voloreceptors, reside
in large systemic veins, pulmonary vessels, and walls of the right atrium and
ventricles. The stretch receptors in the low-pressure blood circuit are indeed more
involved in the regulation of blood volume. These receptors can, in the longer term,
change blood circulation pressure.

Aortic baroreceptor neurons exhibit mechanosensitive ion channels that are
gadolinium-sensitive and have nonspecific cationic conductances [94]. The fibers
of the aortic nerve enter the adventitia, between the left common carotid and left
subclavian arteries, and separate into bundles generally containing 1 myelinated
fiber and several unmyelinated fibers [95]. When they are close to the aortic media,
the myelinated fiber loses its myelin sheath. Both unmyelinated and premyelinated
axons branch off. Sensory nerve endings of aortic baroreceptor neurons are located
in the adventitia of the aortic arch, between the left common carotid and left
subclavian arteries. The basement membrane exists around the sensory terminals.
The central axon terminals localizes to the nucleus of the solitary tract.

Once the baroreceptors are stretched, the carotid sinus nerve (or nerve of Hering),
a branch of the glossopharyngeal nerve, stimulates inhibitory areas of the vasomotor
center (nuclei of the solitary tract and paramedian in the brainstem) [7].%!

31'The reticular formation includes the raphe and medial and lateral reticular formation. The cardiac
and vasomotor centers of the medulla oblongata reside in the reticular formation.
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Baroreceptors of the aortic arch are innervated by the aortic nerve, which then
merges with the vagus nerve (cranial nerve pair X), traveling to the brainstem.
Efferent limbs are carried through sympathetic and vagus nerves to the heart and
blood vessels, controlling the heart rate and vasomotor tone.

In a stress context, the cardiovascular nervous center responds by increasing
sympathetic and decreasing parasympathetic outflux. Barosensitive sympathetic
efferents control the activity of the heart and kidneys, as well as the release of
noradrenaline from adrenal chromaffin cells, and constrict arterioles, except those
of the skin.

Multiple transmitters regulate barosensitive neurons. Glutamate, y-aminobutyric
acid,? acetylcholine, vasopressin, serotonin, corticotropin-releasing factor,
substance-P, oxytocin, and orexin have been found in nerve ends with synapses
on pressure-regulating neurons, such as C1 cells®® and the hypothalamus [221].

2.6.7 Baroreflex

The baroreflex, or baroreceptor reflex, maintains the blood pressure. This feedback
causes a heart rate decrease, hence a blood pressure reduction, when hypertension
happens, or a heart rate increase, thus an elevation of the blood pressure, when
hypotension occurs.

2.6.8 Chemosensors

Chemosensors, or chemoreceptors, transduce chemical signals into action poten-
tials. Impulses are transmitted via the vagus nerve into the vasomotor centers as
well as respiratory centers. These chemosensors detect different chemical stimuli
and express several types of ion channels that influence their excitability to trigger
action potentials in afferent nervous fibers.

Breathing rate is controlled via (Table 2.26): (1) central chemoreceptors located
in the ventrolateral surface of medulla oblongata that mainly detect changes in
pH of cerebrospinal fluid, but also hypercapnia; and (2) peripheral aortic and
carotid chemoreceptors (aortic and carotid bodies) that sense changes in blood
concentration of oxygen and carbon dioxide, but not of hydrogen ion (pH), and all
of these 3 concentrations, respectively. Therefore, hypoxemia is a specific stimulus
to arterial chemoreceptors.

32y-Aminobutyric acid signaling from the caudal ventrolateral medulla is important for the
baroreflex.

3C1 cells belong to a cluster of adrenaline-synthesizing neurons in the rostral ventrolateral
medulla. Many CI1 cells regulate kidneys.
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Table 2.26 Major barosensory neurons monitor arterial wall stretch fluctuations
that result from blood pressure variations. Major chemosensory neurons supervise
changes in contents of oxygen and carbon dioxide and pH of arterial blood.
These 2 sensor types localize near or at the entrance of brain irrigation arteries
(carotid sinuses and aortic arch and aortic and carotid bodies, respectively).
These neurons generate carotid sinus nerves and aortic depressor nerves. Action
potentials generated at their terminals in arterial walls travel to the nodose and
petrosal ganglia to the nucleus tractus solitarius. Barosensor, or baroreceptor,
and chemosensor, or chemoreceptor, neurons are involved in the baroreflex and
chemoreflex, respectively. The baroreceptor reflex is activated during a pressure
rise; the chemoreceptor reflex is mainly stimulated by hypoxia and acidosis.
The baroreceptor and chemoreceptor reflex is inhibitory and excitatory on the
sympathetic nerve activity, respectively. Both hypoxemia and hypercapnia increase
ventilation as well as the blood pressure and cardiac frequency. The baroreflex pre-
vents the chemoreflex. Conversely, the chemoreflex may operate on the baroreflex.
Increased ventilation yields an additive sympathoexcitation

Stimuli Effect
Arterial barosensor ‘Wall stretch Sympathoinhibition
(high-pressure baroceptor) (pressure) Bradycardia
Volume receptor Wall stretch Inotropy |
(low-pressure baroceptor) Vasodilation
Central chemosensor Acidosis Sympathoexcitation

Hypercapnia Tachycardia
Aortic chemosensor Hypoxemia Inotropy 1

Hypercapnia Vasoconstriction
Carotid chemosensor Hypoxemia

Hypercapnia

Acidosis

2.6.9 Arterial Chemoreflex

Arterial chemoreflex generally originates from the carotid body. Glomus cells
in the carotid body depolarize in response to hypoxemia and release multiple
neurotransmitters that cause impulses in afferent fibers of the carotid sinus nerve.
Chemosensor afferents project to regions in the pons and medulla, where the
primary sites are for respiratory and cardiovascular signal receptors as well as
sympathetic integration.

Nevertheless, the hypothalamus modulates the ventilatory and cardiovascu-
lar responses to peripheral chemoreflex activation, especially the paraventricu-
lar nucleus of the hypothalamus (PVN), where y-aminobutyric acid receptor-A
impedes the chemoreflex that originates from the carotid body. The paraventricular
nucleus of the hypothalamus sends efferent neurons to the rostral ventrolateral
medulla (RVLM) that relays signals for sympathetic activity.

The inspiratory center in the medulla sends nervous impulses to respiratory
muscles via the phrenic nerve to increase breathing rate and lung volume during
inhalation. Chemoreceptor-mediated elevation in sympathetic nerve activity is pro-
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gressively dampened when tidal volume increases because of inhibitory feedback
from pulmonary volume receptors.

Central and peripheral chemoreflexes not only control alveolar ventilation to
improve O, uptake and CO, removal, but also blood flow, as gas exchanges require
matched ventilation and lung perfusion. A nervous impulse is sent to the cardio-
vascular centers in the medulla, which then feed back to the sympathetic ganglia,
increasing the action potential frequency of the sinoatrial node and sympathetic
output to the vasculature. Activated arterial chemoreceptors by hypoxemia increases
sympathetic activity to systemic vasculature to compensate for vasodilation caused
by hypoxemia on blood vessels and to redistribute blood flow to essential organs.
Sympathetic-mediated vasoconstriction exerts particularly on muscular, splanchnic,
and renal vascular beds. Moreover, sympathetic activity in adrenal glands augments
noradrenaline release, whereas sympathetic activity to brown adipose tissue decays
to reduce body temperature and oxygen consumption during hypoxemia [77].
Cardiac sympathetic activity elevates heart frequency and contractility. However,
parasympathetic and sympathetic nerves that innervate heart and cerebral vessels are
concomitantly activated to limit sympathetic vasoconstriction of coronary and cere-
bral vessels during hypoxemia and to modulate cardiac chronotropic and inotropic
responses. Besides, the sympathetic response depends on ventilation frequency. The
higher the breathing rate is, the stronger the chemoreflex responsiveness.

Parasympathetic and sympathetic nerve activity rapidly increase upon exposure
to hypoxemia. When hypoxemia is sustained, parasympathetic and sympathetic
nerve activity rises and is maintained, whereas the ventilatory rate increases
transiently and then progressively declines [77]. When hypoxemia disappears,
parasympathetic and sympathetic nerve activity gradually returns to normal level,
being maintained during a given period after blood gases and ventilation have been
reverted.



Chapter 3
Cardiovascular Physiology

The cardiovascular apparatus supplies blood to the body’s organs and responds
to sudden changes in demand for nutrients according to the organism’s activity.
Blood velocity and pressure can be associated with kinetic and potential energy,
respectively. The travel time for oxygen delivery between the left atrium and
peripheral tissues has a magnitude of O[1 s].

Integrative physiology, which is based on basic biomedical sciences aimed at
improving available knowledge on physiological apparatus in normal and patho-
logical conditions, is oriented toward bioengineering applications for enhanced
diagnosis, therapy, and prognosis. The latter objectives are supported by the
development of computer tools.

When targeting the heart, computational multiscale and multiphysics models
are aimed at simulating cardiac electrophysiology, calcium dynamics, contraction—
relaxation cycles, electromechanical coupling, cardiac flow in highly deformable
chambers, valve dynamics, myocardial perfusion coupled with myocardial mechan-
ics, metabolism, and regulation.

These models integrate adequate image acquisition and processing that determine
the computational domain, proper functioning and control (chemically controlled
constitutive law of cardiomyofiber mechanics [1], identifiable models of car-
diac electrophysiology usually relying on ordinary differential equations, cardiac
dynamics [2, 3], excitation—contraction coupling, energetics coupled to perfusion,’
etc.), and suitable coupled biosolid—biofluid simulation software.> High-resolution

Coronary perfusion can be modeled using a poroelastic model for the myocardial microcirculation
and a Darcy solver using the arbitrary Lagrangian—Eulerian (ALE) formulation.

2 A semi-implicit coupling scheme that exhibits a good stability has been proposed [4]. The pressure
stress is implicitly coupled with the structure to ensure stability; remaining terms are explicitly
treated. The implicit—explicit splitting can be conveniently performed using a Chorin—Temam
projection scheme. A stabilized explicit coupling scheme based on Nitsche’s method can be used,
stability being independent of the fluid—structure density ratio [5].

M. Thiriet, Anatomy and Physiology of the Circulatory and Ventilatory Systems, 157
BBMCYVS 6, DOI 10.1007/978-1-4614-9469-0__3,
© Springer Science+Business Media New York 2014
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Table 3.1 Main ion carriers in cardiomyoctes. In the heart, Kacp, is activated in
atriomyocytes by the parasympathetic (vagal) nerves; flux through the Kig3.1 and
Kir3.4 heteromer rises in hypercholesterolemia [8]

Ca®* carriers K7 carriers Na™ carriers
CaV1.2 Kvl Navl.S
Nat—Ca?* exchanger Kv4 Nat-Ca?* exchanger
RyR2 Ky7 Nat-Kt ATPase
IP;R Kyll Nat-HT exchanger
SERCA2 Kr2
PMCA K3
mtCU (Kacn)

K[R6

(Karp)

imaging datasets can be used for modeling (e.g., [6]). Input data of various types
of models (wall and fluid rheology, electrophysiology, etc.) are extracted from the
available literature.

Medical image analysis tackles construction of computational meshes with
details on special structures (heart valves that enable unidirectional flow from
cardiac cavities,> nodal tissue that generates and propagates heart contraction
command waves (action potentials), cardiomyofiber orientation that ensures proper
heart deformation and synchronized contraction, etc.). Validation focuses on the
entire organ rather than nano- and microscopic objects.

The primary function of heart is blood pumping using its striated muscle, the
myocardium. Cardiac functioning depends on several factors, such as: (1) ion
carriers that determine ion fluxes and intracellular concentrations (Table 3.1; Vol. 5
— Chap. 5. Cardiomyocytes); (2) sarcomere activity, particularly the crossbridge
cycling rate; (3) extracellular matrix; (4) wall perfusion responsible for nutrient
inputs; and (5) cardiac loads (i.e., flow conditions in up- and downstream vessels).

Ventricle filling and emptying indeed depend on the state of the vascular bed
upstream and downstream from the heart. Decrease in intrathoracic pressure during
inspiration increases venous return and conversely during expiration. Ventricle
filling and emptying are strongly coupled. Ventricle reexpansion helps to refill blood
from the atrium. Recoil force due to the downward motion of the beating heart
associated with the stretch imposed on upper vessels favors atrium filling.

The autonomous nervous system controls the cardiovascular apparatus and
adapts its output to the body’s activity and environmental stimuli. The autonomous

3Heart valve motions rely on a multibody contact problem with attachment constraints due to
chorda tendinz [7]. The fluid and immersed valve meshes do not match; the kinematic continuity
is imposed using Lagrange multipliers. The method relies on a fictitious domain, which allows
very large displacements, combined with the ALE formalism to manage both elastic valve and
wall motions. A partitioned fluid—structure algorithm associates independent fluid and structure
solvers.
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nervous system with its sympathetic and parasympathetic components is made of
afferent and efferent neurons that enable communication between the body’s organs
and the central nervous system.

Estimation of cardiac state variables and parameters relies on inverse problems
and data assimilation. The electrochemical activity of the heart is transmitted to
electrocardiogram sensors after transformation resulting from traveling through
diverse anatomical tissues and possible interferences of other biological signals.
Data of interest are original signals and their localization. Once the direct problem
that predicts measurements is solved, the inverse problem consists to determining
from known outputs their sources that cannot be noninvasively, directly, and
precisely measured.

When both direct and inverse modeling are investigated, well-posedness prob-
lems must be ensured. The mechanical heart model being too sensitive and large to
be well inverted by classical Kalman filters or variational assimilation techniques,
robust, low-cost, effective state filters must be developed and combined to parameter
estimation procedures. The finite-dimensional state estimator uses the unbiased
estimate of the initial condition and corrects the dynamics of the discrete system
by a collocated feedback proportional to the measured error. A filter corresponding
to a force proportional and opposed to the measured velocity has been applied in an
infinite-dimensional mechanical system to estimate loading parameters (fully linear
for the whole state-parameter observer system) and stiffness parameters (bilinear
observer problem) with volume-distributed measurements of the velocity [9]. In
the case of surface measurements, the classical measurement white noise used
in Kalman filtering is incompatible with the physical energy space and the state-
parameter estimation needs to be reformulated [10].

3.1 Heart

Two heart pumps that propel blood into the pulmonary and systemic circulation are
combined into a single muscular organ to synchronously beat. Each cardiac pump
is composed of 2 chambers: the atrium and ventricle. Due to pressure differences
between the vasculature entry and exit, which drive the blood flow through it, atria
are auxiliary pumps that allow rapid ventricle filling, especially at rest when the
cardiac frequency ( f;; or heart rate) is low. The atrial chambers generate a blood
pressure increment upstream from the ventricle inlet.

The cardiac output (CO) is the blood volume pumped by each ventricle that
crosses any point in the circulatory system per unit of time, in general taken as the
time interval of 1 mn. In a healthy person at rest, the cardiac output ranges from 5
to 6 1/mn.

Cardiac output is determined by multiplying the stroke volume (SV), the
blood volume pumped by the ventricle during 1 beat by the cardiac frequency. The
stroke volume is related to the ventricular contraction force and blood volume.
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Table 3.2 Physiological quantities at rest in healthy sub-
jects: cardiac frequency ( fc) decreases and then increases
with aging; stroke volume (SV), or systolic ejection volume
(SEV), decreases with aging (blood flow rate g ~ 6.51/mn
[~110ml/s] at 30 yr old and ¢ ~41/mn [~ 70ml/s] at
70 yr old; EDV: end-diastolic volume; ESV: end-systolic

volume)

EDV 70-150 ml

ESV 20-50 ml

SEV 50-100 ml

fc 60-80 beats/mn, 1-1.3 Hz
q 4-7 I/mn (70-120 ml/s)
ejection fraction 60-80%

Table 3.3 Approximative

blood compartment volume Pulmf)nary circulation 16.3
(%) relative to the systolic Artef les. 5
ejection volume (SEV 80 ml; Capillaries 0.8
total volume 4.41) Veins 10.5
Systemic circulation 38.7
Aorta 1.3
Arteries 56
Capillaries 3.7
Veins 28.1

The stroke volume is the difference between the end-diastolic volume (EDV) and
end-systolic volume (ESV). The former is the maximal volume achieved at the end
of ventricular filling; the latter the residual volume of the ventricle at the end of a
systolic ejection (Table 3.2). The ratios of blood volume to stroke volume in serial
compartments of both systemic and pulmonary circulations are shown in Table 3.3.

Various factors determine cardiac output. Preload corresponds to a stretching
force exerted on the myocardium at the end of diastole, imposed by the ventricular
blood volume and afterload to the resistance force to ejection. Moreover, heart
contractility is affected by different regulatory molecules. As fc increases, cardiac
output rises until a critical fc is reached; then it decreases. These factors can be
combined.

The cardiac index (CI) is the ratio between blood flow rate (¢) and body surface
area (2.8 < CI < 4.21/mn/m?). Cardiac reserve refers to the heart’s ability to adjust
quickly to immediate demands. It is defined by the maximum percentage of cardiac
output, which in a healthy young adult is 300 to 400%.

The heart has a chaotic behavior. Its nonperiodic behavior characterizes a pump
able to quickly react to any changes of the body’s environment. The normal
heartbeat indeed exhibits complex nonlinear dynamics. On the other hand, stable
periodic cardiac dynamics yield a bad prognosis. A decay in random variability over
time, which is associated with a weaker form of chaos, is indicative of congestive
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Table 3.4 Duration (ms) of the four main phases of the cardiac (left ventricle)
cycle (fc = 1.25Hz, i.e., 75 beats/mn)

Phase Cycle timing Duration Starting event

1C 0-50 50 Mitral valve closure
ECG R wave peak

SE 50-300 250 Aortic valve opening

IR 300-400 100 Aortic valve closure

VF 400-800 400 Mitral valve opening

heart failure [11]. This feature, positive with respect to heart function, is a handicap
in signal and image processing, as ensemble averaging is used to improve the signal-
to-noise ratio.

Most variability is due to diastole duration changes. The relative difference in
mean systolic and diastolic durations reaches values of about 5% and 35% (with a
ratio between the standard deviation and the mean of 0.1-0.2), respectively.

3.1.1 Left Ventricle Cycle

The cardiac cycle is a misnomer, as a part is taken for the whole (pars pro toto). The
cardiac cycle, in fact, represents the cardiac ventricle cycle, more precisely that of
the left ventricle, as the latter is the stronger chamber, because the systemic arterial
pressure is higher than the pulmonary arterial pressure.

The heart beat carries out a 2-stage pumping action over a period of about
1s or less: a longer first diastole and a systole. More precisely, the rhythm of
the left ventricle activity consists of 4 main phases: (1) isovolumetric relaxation
(IR), with closed atrioventricular and ventriculoarterial valves; (2) ventricular
filling (VF), with open atrioventricular valves and closed ventriculoarterial valves;
(3) isovolumetric contraction (IC), with closed atrioventricular and ventriculoar-
terial valves; and (4) systolic ejection (SE), with closed atrioventricular valves and
open ventriculoarterial valves. Durations of these four phases of the cardiac cycle are
given in Table 3.4. Both ventricular filling and systolic ejection are subdivided into
accelerating and decelerating phases (rapid [RVF] and slow [SVF] ventricular filling
and rapid [RSE] and slow [SSE] ejection). With atrial contraction (AC), mechanical
events are divided into 7 phases.

Phase 1 (IC) is the onset of the ventricular systole and coincides with the R-wave
peak. When the left ventricle begins to contract, the mitral valve is tightly closed
to prevent a backflow of blood. The phonocardiogram shows the first heart sound
(S1). Cardiomyocyte tension is developed proportionally to end-diastolic volume.
The intraventricular pressure (py) quickly increases (Fig. 3.2), whereas both the
mitral and aortic valves are closed. The closed ventricle volume is kept constant
(incompressible blood) but ventricle shape varies. Isovolumetric contraction creates
a rotational motion of the left ventricle wall. As the left ventricle contracts, blood
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Fig. 3.1 Cyclically evolving left atrial (LA) and ventricular (LV) hemodynamic quantities
(Source: [12]). (Top) Left ventricular (dashed line) and atrial (full line) pressures (a, c, and
v waves). The a wave of LA pressure corresponds to atrial contraction, ¢ wave to the small
increase in LA pressure during early LV isovolumetric contraction, and v wave to the rise in LA
pressure associated with LA filling. (Middle) left atrial volume. (Bottom) Transmitral flow with
atrial contraction (A) and early LV filling (E) peaks (MVO[C]: mitral valve opening [closure]).
The pulmonary venous blood flow waveform (not displayed) consists of an atrial reversal wave
during LA contraction concomitant with A peak, a biphasic S wave during LV systole, and a
D wave during opening of the mitral valve concomitant with transmitral blood flow E wave

impacts the closed mitral valve, which bulges into the atria, in its filling process,
with a further intra-atrial pressure p, increment: the ¢ wave (Fig. 3.1). Blood does
not regurgitate back into the atria because the parachute-like shape of the closed
mitral valve is maintained by papillary muscles and chordae tendineae.*

4Valve cusps do not evert into the atrium during the ventricular systole by contraction of the
papillary muscles, which are related to ventricular myocardium.
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Phase 2 (RSE) occurs when py overcomes the end-diastolic aortic pressure p,.
The aortic leaflets are pushed open. Traces of p, and py follow each other closely.
They reach a maximum. Blood flow in the ascending aorta increases up to a peak,
with a delay with respect to the py maximum. Aortic blood inflow is greater than
the outflow due to the windkessel effect (blood storage in elastic arteries). From
the py rounded summit, the intraventricular volume reduces quickly. After the
c wave, x descent is observed on the pa plot, which corresponds to the atrium
diastole; the x event is imposed by the systolic downward displacement of the right
ventricle base.

During phase 3 (SSE), p, and py fall. The aortic blood flow reduces. Mean-
while, the venous return gradually fills the right atrium and the v wave is engendered
on the atrial pulse. The beginning of the T wave appears on the ECG trace.

Phase 4 (IR) is characterized by a strong decline in py. The second heart sound
(S2) and dicrotic notch of p, trace are due to aortic valve closure. Flow rate in the
aorta root exhibits a complete backflow, but blood regurgitation into the ventricles
is prevented by VAV closure (both aortic and mitral valves are closed). The constant
ventricular volume is the residual volume (ESV). Decline in py continues until
Pv < Da.

Phase 5 (RVF) starts with mitral valve opening, py becoming lower than pj.
The aortic valve remains closed. Atrial pulse tracing shows y descent, which is
generated by AVV opening and ventricular filling. The third sound (S3) is recorded.
Atrial blood quickly fills the ventricle. Pressures pa and py are similar, with pa
slightly greater than py. This stage accounts for 80% of total ventricular filling.

Phase 6 (SVF) is also called diastasis. Pressures ps and pvy rise gradually. The
ventricular volume curve increases slowly and slightly. Additional blood is forced
from the pulmonary veins into the left ventricle through the opened mitral valve.
As blood is collected in the left ventricle, the sinoatrial node sends out the action
potential, which leads to atrial contraction. Diastasis sends a small blood volume
into the left ventricle (~15% of ventricular filling) with a slight increase in py.
Diastasis (duration ~180 ms) is shortened by f; increase.

Phase 7 (AC) is the final stage of the cardiac cycle. A large amount of
blood (~70% of the filling capacity) has already filled the ventricles prior to atrial
contraction. The atrial systole contributes slightly to ventricular filling at resting f;,
but maintains cardiac output during exercise. The fourth heart sound (S4) recorded
by the phonocardiogram and a wave of the atrial pulse result from atrial contraction.
This a wave may be elevated by preload augmentation; the a-wave deceleration
rate serves as an index of left atrial relaxation. The action potential travels in
the ventricular myocardium. The following left ventricle systole begins when the
ventricles are full of blood. The cycle begins again.

The heart wall is composed of a matrix with cells, fibers, and blood vessels.
Microcirculation represents an important compartment for blood volume storage.
Microcirculation filling, enhanced during diastole due to myocardium relaxation,
may help the ventricle expansion by a straightening effect.



164

Ejection
-

AC IVC

R R

IVR  RF

3 Cardiovascular Physiology

PRESSURE
(mm Hg)
|

Aorta

----- -

J 11 strium

B

BLOOD VOLUME
(ml)

FLOW
o (lters/min.)
|

) 8

e Veloclty
{cm.Jsec

ECG
(my )g
C ¢

SOUND

M0 TIME (msec.)

Fig. 3.2 Cardiac cycle. Evolution of the pressure in the left cardiac cavities and aorta (fop), of
left ventricle volume (second row), aortic flow (third row), and ECG trace and phonocardiogram

(bottom;, from [13])



3.1 Heart 165

blood ﬂow rate

cardiac frequency stroke volume

TSNS

parasympathetic sympathetic blOOd volume

afterload pre]odd
wnal water retention

VdSCuldl" TCSlStdl’lCC venous return

local metabohsm / ‘\

myogemc response breathing muscular activity

autoregulation endothelium regulator

Fig. 3.3 Regulators of blood flow rate

3.1.2 Stroke Volume

Stroke volume can be modified by changes in ventricular contractility (rate of
tension development), that is, force generation associated with sarcomere length
prior to contraction (Frank—Starling effect)® and velocity of myofiber shortening
(Fig. 3.3). Increased inotropy augments the time gradient of the ventricular pressure
and thus the ejection velocity. Inotropy increases causes ESV reduction and SV
increase, as displayed by pressure—volume loops. Increased stroke volume causes
EDV reduction. Increases in inotropic state maintain stroke volume at high cardiac
frequencies, which decreases stroke volume because of reduced time for diastolic

SIn 1895, Frank found that under isovolumetric conditions, the larger the EDV, the greater
the developed tension and pressure. Starling’s later experiments demonstrated that the heart
intrinsically responds to venous return (to EDV) increases by increasing the stroke volume
(heart autoregulation). The relationship between EDV and stroke volume is associated with the
relationship between sarcomere length and calcium ion influx and sensitivity. Myofilament length-
dependent activation is explained by the separation distance between actin and myosin along the
sarcomeric filament axis. The intrinsic ability of the heart to develop greater tension at longer
myocardial fiber lengths over a finite range of fiber lengths is due to sliding filament arrangement
in cardiomyocytes, with increase of cross-bridge number between actin and myosin filaments.
The Frank-Starling mechanism refers to the heart’s intrinsic capability of increasing inotropy and
stroke volume in response to venous-return increase. The Frank—Starling effect describes static
filling mechanisms in an isolated motionless heart. It works for high filling pressure and low flow
rate (cardiac failure); however, cardiac functioning is an unsteady phenomenon.
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filling and reduced EDV. When afterload increases, ESV initially rises and SV
decreases. Afterward, increased ESV raises EDV, if venous return remains constant,
and stroke volume can be restored.

The left ventricle responds to an increase in arterial pressure by rising con-
tractility, hence SV, whereas EDV may return to its original value (Anrep effect).
An increase in cardiac frequency also stimulates inotropy.® When the cardiac
frequency is high, ion carriers (Vol. 3 — Chap. 3. Main Sets of Ion Channels and
Pumps) are not efficient enough to remove all the cytosolic calcium which creates
a positive inotropic state (Bowditch effect, Treppe effect, or frequency-dependent
inotropy).’

Most signals that stimulate inotropy involve Ca®*, either by increasing Ca®™
release from the sarcoplasmic reticulum following Ca®" influx through specific
plasmalemmal channels gated by the action potential or sensitizing troponin-C to
Ca’* ion.

In particular, calcitonin gene-related peptide (CGRP) increases Ca*>* influx and
resting intracellular Ca?>* concentration as well as end-systolic pressure, ejection
fraction, and velocities of contraction and relaxation, whereas it decreases stroke
volume and work, and flow rate [14].

The heart is also able to manage excessive blood volume due to increased venous
return through sympathetic stimulation with its positive chronotropic (C+) and
inotropic (I4) effects.

Stroke work (SW) is depicted by the area inside the pressure—volume curve. It
is approximated by the product of mean arterial pressure and stroke volume. Such
estimations explain SW differences between left and right ventricles.

Cardiac efficiency is defined as the ratio of stroke work to myocardial oxygen
consumption (SW/qo,). Various factors influence go, especially wall tension.
Increased inotropy and cardiac frequency augment go,.

Systole and diastole are dynamically related. The systolic contraction provides
heart recoil and energy that is stored for active diastolic dilation and aspiration [15].
Moreover, heart motion during systole® pulls large blood vessels and surround-
ing mediastinal tissues that react by elastic recoil. Heart diastolic rebound can
participate in ventricular filling. The aspiration function of the heart during the
diastole can be exhibited by a negative pressure zone on the pressure—volume loop
(Fig. 3.4).

This frequency-dependent enhanced contractility helps to offset the decreased ventricular filling
time at higher cardiac frequencies by shortening the systole time duration, thereby increasing the
time available for diastole.

"Positive chronotropy (C+) induces positive inotropy (I+).
8During systole, the heart moves downward.
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Fig. 3.4 Pressure—volume curve of the left ventricle. EDPVR slope increase is associated with
decreased lusitropy (higher pressure with same stroke volume). When preload rises, EDV
increases. EDPVR slope is the reciprocal of ventricular compliance. ESPVR gives the maximal
pressure generated at a given inotropic state. EDV and EDP are indices of heart preload. ESPVR
slope lowering and elevation represent decreased inotropy and increased afterload, respectively
(adapted from [15])

3.1.3 Pressure-=Volume Curve

At the nanoscale, heart contractility is associated with varying concentrations of
Ca" (systolic calcium entry in the cytosolic and diastolic calcium reuptake) and
ATP in the myocyte cytosol in response to the depolarization wave, associated with
great and quick sodium ion fluxes (Na™ do not interfere with intracellular involved
processes) through Na™ channels. Fuel ATP, produced by mitochondrial oxidative
phosphorylation (Vol. 1 — Chap. 4. Cell Structure and Function and Sect. 3.1.7), is
used to generate the mechanical energy with high efficiency, whatever the loading
conditions.

At the macroscale, the physiological concept of heart contractility, the capacity
of the myocardium to develp a contraction force whatever the preload or afterload,
is depicted by the pressure—volume loops for given cardiac frequencies (Fig. 3.4).
Measurements of the cardiac hemodynamics still require invasive techniques, at
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Table 3.5 Pressures (kPa) in the cardiac cavities and large vessels
(variability of literature data)

Site Systolic Diastolic Mean

RA 0.2-1.3 0-0.5 0-1

RV 0.3-4.0 0-0.9 1.1

PA 1.3-4.0 0.7-2.1 1.1-2.7
LA 0.4-2.2 0.1-1.3 0.3-1.6
LV 10.4-18.2 0.3-1.6 5-5.3

Ao 10.4-18.2 7.8-11.5 11.3-13.3

Table 3.6 Influence factors on pre- and afterload

Heart load Factors Indices
Preload Venous return EDV, EDP
Blood volume
Venous tone
LV ejection
RA/LA aspiration
Muscle contraction

(inferior limbs)
Respiration
Tissue activity

Afterload Downstream resistance DlViaxs DAomas
Circulating hormones
Neural activity
Humoral factors

(pH, po,, pco,)

least to get good estimates of intracavital pressures (Sect. 5.2.1). The systolic,
diastolic, and mean values of the pressure in the 4 heart chambers are given in
Table 3.5.

3.1.3.1 Ventricular Pressure—Volume Curve

Ventricular performance is displayed in clinical practice by the pressure—volume
diagram (Fig. 3.4). Left ventricular pressure—volume loops illustrate 3 features:
myocardial work, myocardial characteristics (inotropy and lusitropy), and blood
circulation influences (pre- and afterload, Table 3.6). The volume range corresponds
to the stroke volume. The end-diastolic pressure—volume relationship (EDPVR)
depicts both venous return and lusitropy. The end-systolic pressure—volume rela-
tionship (ESPVR) represents both afterload and ventricle inotropy.

Different types of tests have been carried out: (1) when EDV changes and the
afterload is kept constant (constant ESP), ESV remains constant whatever EDV;
(2) when afterload varies (varying ESP) at constant EDV (constant EDP), the points
{ESP, ESV} run along the ESPVR curve.
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Fig. 3.5 Sketch of a left atrial (LA) 8-shaped pressure—volume diagram (Source: [12]). The
left loop (active component [a loop]) that represents active LA contraction proceeds temporally
in the trigonometric direction; the right loop (passive component [v loop]) that corresponds to
LA reservoir function evolves in a clockwise direction. Left atrial end-diastolic pressure may be
defined as the pressure occurring immediately before atrial contraction that corresponds to the LA
end-systolic pressure

Left ventricle power can be estimated by the product of the ventricular pressure
(pv = 13.3kPa) by the flow rate:

dv
T VES/T =8x107°/8x 107" = 107*m?/s, (3.1

which gives a power of 1.33 W. The right ventricular power is about one-sixth of the
left ventricular power.

3.1.3.2 Atrial Pressure—Volume Curve

The left atrium is a (1) reservoir that stores pulmonary venous return during
left ventricular systole and isovolumic relaxation (after the closure and before
the opening of the mitral valve); (2) conduit for blood flow from pulmonary
veins to the left ventricle in early diastole driven by a pressure gradient when
the atrioventricular valve is open (passive ventricular filling); and (3) contractile
chamber that can actively fills the left ventricle in late diastole when time is available
(active ventricular filling), thereby establishing the left ventricular end-diastolic
volume.

The atrial pressure—volume plot is composed of 2 lobes (Fig. 3.5) that represent
the reservoir and conduit functions at high volumes and active contraction at low
volumes [12].

Once end-diastolic (EDP4 and EDV ) and end-systolic (ESP and ESV 4 ) values
identified on the left atrial pressure—volume diagram, left atrial stroke volume
(SVa = EDVA—ESV,) and emptying fraction (SVA/EDV,) can be computed.
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After the mitral valve closure, the left atrial pressure and volume progressively
increase during the left atrial filling as the left atrium expands (reservoir phase
corresponding to the lower part of the A loop and upper portion of the V loop of
the left atrial pressure—volume diagram).

The area of the A loop represents active left atrial stroke work [16]. The area of
the V loop that represents the total elastic energy stored by the left atrium during the
reservoir phase is an index of reservoir function [16].

The left atrial myocardial relaxation and resultant left atrial pressure reduction
immediately after atrial systole during early isovolumetric contraction facilitates
flow from the pulmonary veins into the left atrium. On the other hand, an end-
diastolic retrograde pulmonary venous blood flow from the left atrium is caused
by atrial systole. However, it is minimized by the peristaltic-like pattern of atrial
contraction and the valve-like anatomy of apertures of the pulmonary veins into the
left atrium at normal left atrial pressures [16].

Shortening of the left atrial myofiber depends mainly on preload and inotropic
state controlled by the autonomic nervous system. The left atrial myocardium is
less sensitive to elevated afterload than the left ventricular myocardium. Left atrial
afterload is determined primarily by the left ventricular compliance and pressure.

Left ventricular contraction is a determinant of the early left atrial reservoir
function. The cardiac base descends toward the apex during the left ventricular
systole, thereby drawing additional blood from the pulmonary venous circulation
into the left atrium.” Transmission of the right ventricular systolic pressure pulse
through the pulmonary circulation, which is responsible for the second peak of the
biphasic pulmonary venous S wave, contributes to left atrial pressure and volume
elevation later during the reservoir phase.

Left atrial compliance determines reservoir and conduit function, as it supports
venous return from the pulmonary circulation. Atrial diseases characterized by an
altered compliance are associated with impaired filling. The left atrial appendage is
more flexible than the principal atrial compartment [16]. During aging, the left atrial
volume increases and its passive emptying decays.

The atrial myocardial B-myosin isoform'® production is upregulated when left
atrial mechanical work rises, thereby enhancing LA emptying fraction, but increas-
ing the left atrial workload due to postload mismatch with the risk of subsequent
contractile dysfunction [16].

°The mitral annulus descends about 1.3 cm during the left ventricular ejection phase in normal
subjects [16].

10Cardiac B-myosin is a mechanoenzyme that converts the energy from ATP hydrolysis for muscle
contraction. Two cardiac myosin heavy chains (0« MHC-B MHC) have different levels of ATPase
activity. The  MHC and o« MHC subtypes are predominantly expressed in late fetal life and adults,
respectively. The former is encoded by the MYH7 gene.
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3.1.4 Interferences Between Cardiac Cells
in the Cardiac Function

The cardiac physiology involves the interaction of various cell populations, car-
diomyocytes (atrial and ventricular myocytes with distinct mural types), nodal
cells (stretch-sensitive pacemaker [sinoatrial node] and conductors), fibroblasts,
endotheliocytes, smooth myocytes, and neurons, as well as those between different
compartments (i.e., the extracellular matrix and, at a greater length scale, cardiac
parietal tunicae, nodal tissue, blood, lymph, and nerves).

Exosomes are lipidic vesicles (diameter 50—100 nm) implicated in intercellular
communication. The protein content of cardiac exosomes differs from that
released by other cell types; they contain cytosolic, sarcomeric, and mitochondrial
proteins [17]. In particular, cardiomyocytes secrete heat shock protein HSP60
in exosomes. Extracellular HSP60 ouside exosomes causes cardiomyocyte
apoptosis via activated Toll-like TLR4 receptor. However, exosomes retain
their cargo in different conditions. Reactive oxygen species stimulate exosome
production.

The heart is mainly constituted of a syncytium of cardiomyocytes (~50% of
the cardiac cell population) surrounded by fibers and other cell types, among
which cardiofibroblasts predominate (40-60% of the cardiac cell population in the
heart) [18]. Cardiofibroblast, a spindle-shaped cell with multiple processes, lacks a
basement membrane [18].

Interference between intermingled cardiac myocytes and fibroblasts relies on
paracrine factors liberated by both cell types as well as direct communication via
nanotubes, pannexons, and gap and adherens junctions between both cell types.
This crosstalk intervenes in mechanical and electrical function as well as structural
remodeling in both normal and pathological hearts [18].

Intercellular communication between atrial and ventricular myocytes and fibrob-
lasts uses hormones (e.g., angiotensin and endothelin-1), growth factors (e.g.,
CTGF, FGF2, HBEGF, PIGF, TGFg, VEGF), cytokines (e.g., IL6, IL33, and TNF),
chemokines, and other soluble factors [18]. In addition to structural remodeling,
paracrine factors can influence the expression and function of ion channels and gap
junctions, hence action potential duration.

Pannexins form gap junction-like structures as well as channels in single
membranes, rarely intercellular channels in apposed membranes. They facilitate
paracrine signaling by releasing ATP and other small messengers to the extracellular
space. Liberation of ATP and UTP from cardiomyocytes via pannexins mediated by
subunits of the G12/13 subclass can activate P2Y receptor on cardiofibroblasts,
subsequently inducing transcription of profibrotic genes [18].

The plasma membrane near gap junctions contains voltage-dependent ion
channels and other ion carrier types. In the absence of coupling to cardiomyocytes,
cardiofibroblasts act as passive electrical insulators. Coupled with cardiomyocytes,
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they operate as current sources and/or sinks, thereby modulating excitation
threshold,'" depolarization, action potential duration (shortening in human
ventriculomyocyte [18]), and conduction velocity in cardiomyocytes.'?

Coupling via adherens junctions (i.e., the cadherin—catenin complex linked
to actin and intermediate filaments) between cardiomyocytes supports myofib-
rillogenesis and maintenance of a functional cardiac phenotype. In fibroblasts,
the adherens junction promotes the transformation into myofibroblasts. Between
cardiac myocytes and fibroblasts, the adherens junction may assist in the activation
of mechanosensitive channels and stretch-induced release of paracrine factors from
cardiofibroblasts [18].

Long, thin membrane nanotubes, which contain actin and microtubules, enable
intercellular communication over long distances between cardiac myocytes and
fibroblasts and vice versa. In fact, they permit signal propagation as well as
intercellular organelle transfer.

3.1.5 Cardiomyocyte Organelles and Coupled Metabolism,
Energetics, Signaling, and Contraction

Transverse (T) tubules (TT) are orderly, deep invaginations of the sarcolemma (cell
surface or plasma membrane) perpendicular to the cell surface and longitudinal
axis of the cardiomyocyte. They are regularly arrayed along Z discs (longitudinal
interval ~1.8 wm; circumferential interval 0.5-1.5 wm), having openings within
Z grooves (within 500 nm from the Z disc; Vol. 5 — Chap. 5. Cardiomyocytes).
Transverse tubules conduct the action potential into the center of the cardiomyocyte
for a rapid spread throughout the cell.

The cardiomyocyte contains about 6000 mitochondria that occupy 30 to 40%
of the cell volume. Excitation—contraction coupling consumes large amounts of
energy that need to be replenished by mitochondrial oxidative phosphorylation.
Mitochondria not only supply locally ATP on demand (Sect. 3.1.7), but are also
sources of reactive oxygen species that participate in local Ca>* handling. Calcium
ion activates some enzymes of the tricarboxylic acid cycle in the mitochondrial
matrix (Tables 3.7 to 3.15).

"The resting transmembrane potential is higher (less negative) in cardiofibroblasts than that of
cardiomyocytes. During action potential upstroke, the transmembrane potential of cardiomyocytes
becomes higher than that of cardiofibroblasts, which then can act as current sinks, which slows
down cardiomyocyte activation and can attenuate maximum upstroke velocity and peak amplitude
of the action potential [18].

2The conduction velocity generally increases initially and then decreases when cardiofibroblast
density and/or coupling increase.
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Table 3.7 Mitochondrial structure and function (AIDH2: mitochondrial aldehyde dehydrogenase-
2; CPS: mitochondrial carbamoyl phosphate synthase; MAO: monoamine oxidase; NAGS:
Nacetylglutamate synthase; OTC: ornithine carbamoyltransferase; SOD: superoxide dismutase)

Structural compartment Function

Mitochondrial envelope
Outer mitochondrial membrane (OMM)  Mass transfer, fatty acid degradation, tryptophan
metabolism (kynureninase), monoamine
metabolism (MAO)
Intermembrane space Antioxidative processing (©““"SOD
OMM-IMM connection
Inner mitochondrial membrane (IMM) Oxidative phosphorylation (ATP synthesis), electron
and H transport, mass transfer, pyrimidine
metabolism (dihydroorotate dehydrogenase)
Mitochondrial matrix Tricarboxylic acid cycle, fatty acid oxidation, glucose
oxidation
Degradation of some amino acids
Anaplerosis
Antioxidative processing (M"SOD)
Urea cycle (CSP1, OTC, NAGS)
Alcohol metabolism (AIDH2)

Table 3.8 Mitochondrial structure and composition. (Part 1) Outer mitochondrial membrane
(BAK: BCL2-antagonist killer; BCL2: B-cell lymphoma (leukemia) protein; CPT: carnitine
palmitoyltransferase; DRP: dynamin-related protein; TOM: translocase of the outer membrane
of mitochondria; VDAC: voltage-dependent anion channel). Examples of transported compounds
include adenine nucleotide (SLC25a4—-SLC25a6 and SLC25a31), citrate (SLC25al), dicarboxy-
late (SLC25al0), glutamate (SLC25a22), ornithine (SLC25a2 and SLC25al5), oxoglutarate
(SLC25all), and phosphate (SLC25a3 and SLC25a23-SLC25a25)

Carriers Enzymes Miscellaneous

Porin (VDAC) Mitofusins DRPI, BAK, BCL2
SLC25A transporters TOM40 (MFn1-MFn2; GTPases), DuSP18,
PTPnll1, PHLPP1, CPTI

Long fatty acylCoA synthase

Table 3.9 Mitochondrial structure and composition. (Part 2) Intermembrane space (BCKDH:
branched-chain ketoacid dehydrogenase; PDHP: pyruvate dehydrogenase phosphatase; PInK:
phosphatase and tensin homolog deleted on chromosome 10 (PTen)-induced kinase; SOD:
superoxide dismutase)

Kinases Phosphatases Miscellaneous

PKA, PKCS, PInK, Src, adenylate PDHPI1, PPM1k, BCKDH (CuZn)SOD
kinase creatine kinase

The sarcoplasmic reticulum (SR) occupies 1 to 3% of the cell volume, but
creeps throughout the cytosol in the form of longitudinal tubules (free sarcoplasmic
reticulum [fSR]) and terminal, pancake-shaped cisterns at Z lines (junctional
sarcoplasmic reticulum [jSR]). It serves as Ca’>t store (~0.5 mmol; extracellular
Ca’* concentration ~1 mmol).
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Table 3.10 Mitochondrial structure and composition. (Part 3) Inner mitochondrial membrane
(ANT: adenine nucleotide translocator; AT: angiotensin-2 receptor; CIC: voltage-dependent chlo-
ride channel; CPT: carnitine palmitoyltransferase; G3PDH: glycerol 3-phosphate dehydrogenase;
IMAC: inner-membrane anion channel; mtCIIC: mitochondrial chloride intracellular channel;
mtCU: mitochondrial Ca2t uniporter; mtKc,: mitochondrial Ca2T-activated K1 channel;
mtK yrp: mitochondrial ATP-sensitive KT channel; mtKHE: mitochondrial K+-H™T exchanger;
mtNCE: mitochondrial NaT—Ca2t exchanger; mtNHE: mitochondrial Nat-HT exchanger; PiC:
mitochondrial inorganic phosphate carrier; PMPc: peptidase, mitochondrial processing; PTP:
permeability transition pore; RyR: ryanodine receptor; TIM: translocase of the inner membrane
of mitochondria; UCP: uncoupling protein). Mono- (MCC) and tricarboxylate (TCC) carriers (as
well as ANTs and UCPs) used for pyruvate ingress and citrate egress, respectively, pertain to the
solute carrier superclass, in particular to the SLC25A category

Carriers Enzymes Miscellaneous

Electron carriers, HT pump, PTP, TIM, FoF, ATP synthase, succinate Cardiolipin
IMAC, SLC25A transporters, dehydrogenase,
ANTI1-ANT3 cytochrome-C,ETCcomplex

mtUCP1-mtUCP4 mtCU, RyR1, Ky 1.3 NOS1-NOS3 AT,

mtK ATP CPT2

mtKc, G3PDH

mtKHE, mtNCE, mtNHE PMPcf

CIC, mtCIIC, PiC, malate—aspartate
carrier, glutamate—aspartate carrier,
glycerol phosphate carrier

Table 3.11 Mitochondrial structure and composition. (Part 4) Mitochondrial matrix (ETC:
electron transport chain; ICDH: Ca2t -activated isocitrate dehydrogenase; KGDH: Ca2 ™ -activated
a-ketoglutarate dehydrogenase; PDHc: pyruvate dehydrogenase complex; PDHK: pyruvate dehy-
drogenase kinase; PDHP: pyruvate dehydrogenase phosphatase; ROS: reactive oxygen species;
SOD: superoxide dismutase; TCA: tricarboxylic acid cycle)

Enzymes Effect, input (i), output (0), regulators
TCA processors Feeder of ETC for ATP production
AcetylCoA (i) (glycolysis and fatty acid catabolism product)
GTP; CO,; NADH, FADH, (0)
Ca2t (ICDH and KGDH activitor)
PDHc Pyruvate (i); acetylCoA (o)
Inhibitory PDHK1-PDHK4 (inhibited by pyruvate, CoA,
NADT, ADP, Ca?t)
(activited by acetylCoA, ATP, NADH)
(stimulated by high fatty acid levels)
Activatory PDHP (activited by Ca>t and Mg2t)
(CuZmsOD Limitation of ROS production

Mitochondria are close (40—-180nm) to coupling zones between the junctional
sarcoplasmic reticulum and transverse tubule. They are juxtaposed to the junctional
sarcoplasmic reticulum, being only separated by a tiny cleft. They can even be
tethered to the junctional sarcoplasmic reticulum. Therefore, the trio formed by the
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Table 3.12 Major inputs and outputs of the
tricarboxylic acid cycle. Each turn of the cycle
achieves the complete oxidation of 1 molecule
of acetylCoA to form 2 molecules of car-
bon dioxide, 3 reduced nicotinamide adenine
dinucleotide (NADH), 1 reduced flavin ade-
nine dinucleotide (FADH,;), and 1 GTP. Both
NADH and FADH, are mainly used in mito-
chondrial oxidative phosphorylation that yields
ATP. Reoxidation of all reduced coenzymes by
the respiratory chain yields 9 ATP. Molecule
ATP is not produced in the tricarboxylic acid

cycle

Input Output
AcetylCoA 2 CO,, CoASH
1 FAD 1 FADH,

1 GDP, 1 P 1 GTP
3NADT 3NADH, 3HT

Table 3.13 Regulation of the tricarboxylic acid cycle. In addition, the pyruvate dehydroge-

nase complex is allosterically inhibited at high [ATP]/[ADP], [NADHJ/[NAD], and [acetyl-
CoA]/[CoA] ratios

Enzyme Activators Inhibitors

Citrate synthase ADP Citrate, succinylCoA, NADH, ATP
Isocitrate dehydrogenase ADP, NADT, Ca?t ATP, NADH

a-Ketoglutarate dehydrogenase Ca>t SuccinylCoA, NADH, ATP, GTP
Succinate Dehydrogenase Succinate, ADP, P; Oxaloacetate

junctional sarcoplasmic reticulum, transverse tubule, and mitochondrion, represents
a major structural unit of the cardiomyocyte. In particular, it serves as a structural,
functional, and regulatory unit of Ca>* and ROS signaling in the cardiomyocyte.

The coregulation of metabolism, energetics, and contraction is linked to trans-
mission of Ca’>* signals to mitochondria, that is, change in mitochondrial Ca’*
concentration rather than changes in cytosolic Ca>* concentration subsequently to
mitochondrial Ca?>* uptake [19].

Mitochondria contribute to Ca>t nanodomains at associated contacts between
junctional sarcoplasmic reticulum and transverse tubule. Mitochondrial Ca>* uni-
porter accounts for the rapid beat-to-beat changes. Mitochondrial Nat—Ca’*
exchanger and Ca?>T—H™" antiporter may participate in the slow, pacing-dependent
accumulation of Ca%t in the mitochondrial matrix [20]. Mitochondrial Ca?t ion
contributes in the regulation of mitochondrial ROS production.
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Table 3.14 Mitochondrial enzymes of the tricarboxylic acid cycle used by aerobic organisms to
generate energy via oxidization of acetate derived from carbohydrates, fatty acids, and proteins
(Part 1). Two allosteric enzymes help to controlling the distribution of metabolites and the overall
cycle flux. Isocitrate dehydrogenase is inhibited by ATP, NADH, and NADPH, and activated
by ADP and Ca?t ions. Oxoglutarate dehydrogenase is also activated by calcium. Involved
enzymes are soluble proteins in the mitochondrial matrix, except integral membrane succinate
dehydrogenase. The latter uses FAD as a prosthetic group, but the other 3 oxidation steps use
NAD as coenzyme. Four dehydrogenase reactions exist. Reoxidation of FADH, for succinate
dehydrogenase by the respiratory chain forms 1.5 ATP/mol. Malate dehydrogenase generate
2.5 ATP/mol when NADH is recycled to NAD by the respiratory chain. Oxoglutatarate and
especially isocitrate are even better reducing agents

Enzymes Substrates Cofactors Products
Aconitase Citrate, H,O Aconitate (intermediate),
isocitrate, H,O
Citrate synthase Oxaloacetate, Citrate
acetylCoA,
HzO
CoASH
Fumarase Fumarate, H,O Malate
Isocitrate Isocitrate NADT Mg“‘ Oxalosuccinate, NADH, Ht
dehydrogenase-3 a-Ketoglutarate, CO,
Ketoglutarate a-Ketoglutarate, NADT SuccinylCoA NADH, HT,
dehydrogenase CoASH CO,
Malate dehydrogenase Malate NAD* Oxaloacetate, NADH, H+

3.1.5.1 Excitation—-Contraction Coupling, Diad, Couplon, and Calcium

Extensive intracellular contacts exist between the sarcoplasmic reticulum and
transverse tubules. The TT-jSR coupling is named a diad"? (diadic cleft width 12—
15 nm; bore 100—200 nm [21,22]).'* The diad enables the strong and rapid influx of
Ca’" ions in the cytosol of cardiomyocytes.

Excitation—contraction coupling that generates a proper contractile force and
propels an adequate blood volume to irrigate the body’s tissues indeed relies
on localized signaling that results from twinning of clusters of sarcolemmal
Cay 1.2 channels of transverse tubules with juxtaposed clusters of sarcoplasmic
reticulum ryanodine receptors (RyR), which are in fact ryanodine-sensitive Ca>*
channels. Ryanodine receptor undergoes post-translational modifications, such as
phosphorylation, nitrosylation, and oxidation. The latter opens the channel pore.
Homotetrameric RyR also functions as a stretch sensor and communicator with
mitochondria.

3§vac: couple, pair, binary number.

14In the myocardium, a diad means that a T tubule is associated with a single terminal cisterna. On
the other hand, in the skeletal muscle, a triad is formed by a T tubule flanked on either side by the
junctional sarcoplasmic reticulum, at the level of the Z line.
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Table 3.15 Mitochondrial enzymes of the tricarboxylic acid cycle used by aerobic organisms
to generate energy via oxidization of acetate derived from carbohydrates, fatty acids, and
proteins (Part 2; ETC: electron transport chain; P;: inorganic phosphate [free phosphate ion]).
Water-soluble biotin is also called vitamin-B7. The pyruvate dehydrogenase complex comprises
3 enzymes, pyruvate dehydrogenase (PDH [E1]), dihydrolipoamide acetyltransferase (DLAT
[E2]), and dihydrolipoamide dehydrogenase (DLD [E3]), 5 cofactors (CoA, NAD', FADT, lipoic
acid, and thiamine pyrophosphate [TPP]). PropionylCoA is the end product of metabolism of
odd-chain and most methyl-branched fatty acids. MethylmalonylCoA derives primarily from pro-
pionylCoA from the catabolism of isoleucine, valine, threonine, methionine, thymine, cholesterol,
and odd-chain fatty acids

Enzymes Substrates Cofactors Products

MethylmalonylCoA MethylmalonylCoA Vitamin-B12 SuccinylCoA
mutase

MethylmalonylCoA RMethylmalonylCoA Vitamin-B12 SMethylmalonylCoA
epimerase

Oxoglutarate Oxoglutarate NAD* CoAS?  SuccinylCoA, NADH,
dehydrogenase CO,

PropionylCoA PropionylCoA HCO;”  Biotin, ATP MethylmalonylCoA
carboxylase ADP, P;

Pyruvate dehydrogenase ~ Pyruvate CoASH FAD NADt AcetylCoA, FADH,

NADH, H*

Succinate dehydrogenase ~ Succinate Ubiquinone =~ FAD Fumarate, FADH,,
(ETC) ubiquinol

Succinate thiokinase SuccinylCoA, P; GDP Mg?t Succinate, GTP, CoASH

SuccinylCoA synthase SuccinylCoA P; GDP Succinate, GTP, CoASH

Diads are perpendicular to the TT and jSR membrane plane. They have variable
shapes and sizes. Mutually connected Cay1.2 and RyR2 channels form couplons.
Array of ryanodine-sensitive Ca>* channels primed by the Ca’*-induced Ca’*
release (CICR) mechanism function as intracellular Ca®>T release units (CRU).
Cytosolic Ca?" periodically varies from about 100nmol at diastole to about
1 pwmol [23].

Diads contain RyR2 clusters that range from one to hundreds of tetramers, which
can adopt numerous orientations [24]. In some diads, no couplons are formed; in
others, only a fraction of the clusters constitutes couplons.

The estimated number of free Ca®™ ions in a single diad equals approximately
10 to 100 ions (10?~10° pmol). The Ca?*-induced Ca’>* release in a single diad
may be mediated by 20 to 50 Ca>" ions [25]. Using a model of stochastic molecular
signaling between Cay1.2 and RyR2 channels with the description of the diad
geometry and structure (configuration of main diadic proteins, location of Ca?*
binding sites, and membrane surface charges) and movement of individual Ca’*
ions within the diad, Cay1.2-RyR?2 signaling was shown to be influenced by both
the stochastic dynamics of Ca®>* ions in the diad as well as the shape and relative
positioning of diad proteins [25]. The relative RyR2 placement and shape enable
funneling of Ca2+ ions to RyR2 binding sites, thus increasing the excitation—
contraction coupling gain.
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Diads differ by their constitutive transporters and exchangers. Other important
signaling components are also condensed on T tubules; they include Nat—Ca?™
exchanger operating in reverse or forward mode, voltage-gated sodium channels
Nay1.1, Nay1.3, and Nay1.6," inwardly rectifying K™ channels (Kjg2.1, Kg2.2,
and Kig2.3 homo- or heteromeric tetramers),'® Na™ K™ ATPase, and p-adrenergic
receptor. Moreover, T tubules accumulate numerous effectors of § AR signaling,
such as ACases, PDE4, and PKA enzymes as well as AKAP scaffolds that can build
signalosomes with Cay 1.2 channels [29].

The junctional membrane compartment is responsible for quasi-autonomous
elementary Ca’" release (e.g., Ca>" sparklets and Ca>* sparks in the cytosol as well
as Ca®* blinks in the lumen of the SR cistern). Once these signals are synchronized
at the cell level by a sarcolemmal excitation (depolarization upon the periodic
arrival of an electrochemical impulse, the action potential), the spatial summation
of synchronous local Ca*>* sparks and rapid diffusion of Ca®" ions manifest as
a uniformly distributed Ca* signal that support excitation—contraction coupling.
The organized architecture of the T-tubular network with its array of ion carriers
indeed enables the instantaneous and synchronous activation of nearly all Ca®*
release units throughout the lenghty ventriculomyocyte [22]. The synchronized
Ca’*t release allows the coordinated contraction of all contractile (sarcomeric)
units within the ventriculomyocyte. The synchronized myofilament contraction of
myofibers permits the myocardium contraction.

Transverse tubules extend from the cell surface deep into the cell with branching
and axial invaginations of the tubular membrane that all participate in signaling,
thereby setting up a three-dimensional membrane network, the transverse and
axial tubular network (TATN) [21]. The primary transversal tubules aligned with
sarcomeric Z discs throughout the entire cardiomyocyte are interconnected with
longitudinal branches of T tubules that run between 2 adjoining Z discs. The

3The principal cardiac pore-forming o subunit isoform Nay 1.5 preferentially localizes to inter-
calated discs, whereas the brain-type a subunit isoforms Nay1.1, Nay1.3, and Nay1.6 reside
in transverse tubules [26]. They contribute to the coupling of sarcolemmal depolarization to
contraction. On the other hand, Nay1.5 in intercalated discs is primarily responsible for action
potential conduction between cardiomyocytes.

16Cardiac inward rectifier Kt currents (ix;) through channels of the Kig2 category participate
in the maintenance of resting membrane potential as well as late phase repolarization. In rabbits,
Kir2.1 and Kg2.2, which lodge in T tubules, but not Kjg2.3, are synthesized in ventriculomy-
ocytes [27]. Current ig; is predominantly due to Kjg2.1-Kjg2.2 heterotetramers. In mice, ig; also
crosses Kjg2.1-K|g2.2 heterotetramers. In guinea pigs, Kig2.1, Kig2.2, and Kig2.3, but not Kjg2.4
are produced in ventriculomyocytes [28]. Three different inward rectifier conductances are linked
to Kir2.1, Kjg2.2, and Kig2.3 homotetrameric channels, intermediate-conductance Kig2.1 and
large-conductance g 2.2 being the primary determinants of ix; current with little contribution from
low-conductance Kjg2.3 channel [28]. In humans, K|g2.1 resides in ventriculomyocytes, Kjg2.1
and Kjg2.2 in atrial cells, and Kjg2.3 in ventricular cells (cells including not only cardiomyocytes,
but also endotheliocytes, vascular smooth myocytes, cardiofibroblasts, and neurons, among others).
In the guinea pig heart, Kig2.1, Kig2.2, and Kjg2.3 are expressed in both cardiomyocytes and cap-
illary endotheliocytes. Subunit Kjg2.4 is restricted to cardiac parasympathetic and postganglionic
sympathetic neurons as well as sensory nerve fibers [28].
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length scale of this membrane network composed of transversal and longitudinal
components ranges over several orders of magnitude, from local T-tubule caliber of
order 100nm'” to cell-wide expansion of 100 wm,'® which provides thousands of
junctional contacts with the sarcoplasmic reticulum in a typical ventriculomyocyte.

Ventriculomyocytes develop a transverse and axial tubular system mainly after
birth. During the development of the fetal and neonatal heart, the balance between
synthesis and degradation favors synthesis. In the adult healthy heart, the equilib-
rium maintains the T-tubular network. With increased mechanical strain, oxidative
stress, and cardiac injury, degradation overcomes synthesis, thereby causing a
progressive loss of T-tubule density and organization.

Atriomyocytes, at least in some species, can have a more or less developed trans-
verse and axial tubular system. Atriomyocytes have a heterogeneous distribution of
the tubular system, with the longitudinal components being more prominent [24].

Among nodal cells, Purkinje fibers possess T tubules that form diads [22].

Junctophilin JP2, the single isoform synthesized in the cardiomyocyte among
the family members (JP1-JP4), bridges the plasma membrane to the sarcoplasmic
reticulum membrane [22].!° This docking protein localizes near ryanodine receptors
in the diadic cleft. This structural factor contributes to the membrane coupling
between T tubules and junctional sarcoplasmic reticulum (i.e., diads). Effect of
stretch that influences the T-tubule geometry during contraction—relaxation cycle
is counteracted by stabilizers of the TT-SR coupling such as anchoring protein JP2
that maintains a stable positioning of T tubules with respect to the sarcoplasmic
reticulum.

Other proteins are implicated in T-tubule formation or remodeling, such as
caveolin-3, amphyphisin-2, and telethonin. Caveolin-3 clusters are situated adjacent
to RyR2 clusters. Amphyphisin-2 directly binds to membrane phospholipids and
supports tubulogenesis. In fact, both amphyphisin-2 and Cay 1.2 channel influence
T-tubule formation. Amphyphisin-2 also anchors microtubules to the T-tubule
network, hence targeting Cay1.2 to T tubules [29]. Telethonin is a load-sensitive
regulator of T-tubule structure and function [22]. This proteic anchor and mechani-
cal transducer between the myofilament and Z-disc molecular complex also assists
transverse tubulogenesis [29].

7The lumen of T tubules varies within a given mammalian species. Using confocal microscopy, it
was assessed to be about 400 nm in humans [22]. However, stimulated emission depletion (STED)
imaging that has a better spatial resolution detects a lower caliber.

18 Although the volume density of the T-tubule network is only 1 to 3%, it represents about
one-third of the entire plasma membrane area [22]. Transverse tubule density varies among
ventriculomyocytes from different animal species.

19P1104 PI3K and P1OBPI3K are required for the maintenance of the organized network of T tubules,

as they regulate junctophilin-2 localization [30]. The 4 junctophilins tether the plasma membrane
to the endoplasmic reticulum in excitable cells. The major cardiac junctophilin isoform JP2 has
a C-terminal transmembrane domain that anchors the protein in the SR membrane and 8 N-
terminal membrane occupation and recognition nexus (MORN) motifs that interact with the plasma
membrane to stabilize the junction between the plasma and SR membrane.
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Calsequestrin, triadin, and junctin also maintain the structural and functional
integrity of the diad. Triadin preserves the structure of the Cay1.2-RyR2 cou-
plon [31].

Calcium fluxes through Cay1.2 channels dedicated to contraction are discrimi-
nated from those used for other types of Ca>™" signaling originating from differently
localized Cay 1.2 channels as well as from IP; receptors, signal selectively resulting
from distinct effectors in different nanodomains such as diads and caveolae [23].

3.1.5.2 Mitochondrial Calcium Nanodomain

During a heartbeat, about 2% of the cellular ATP is consumed. The entire ATP
pool of cardiomyocytes is turned over within less than a minute [32]. Various
factors, among which Ca’t and ADP, control the mitochondrial redox state and
electron flux along the respiratory chain, orchestrating oxidative phosphorylation
in response to constantly changing workloads and securing a permanent ATP
availability. Mitochondrial Ca>* signaling relies on numerous regulators.

Communication between different organelles and cellular compartments in the
cardiomyocytes is organized by nanodomains that enable signaling efficacy. Among
organelles, mitochondria represent about a third of the cell volume. They are
aligned regularly along the ATP-consuming sarcomeres. They are connected to
the sarcoplasmic reticulum (Ca’* store). They are close to diads. Apposition of
mitochondria to the endoplasmic reticulum supports communication between these
2 organelles, in particular transfer of lipids and exchange of calcium that regulates
endoplasmic reticulum chaperones, mitochondrial ATP production, and apoptosis.

A Ca’" nanodomain is defined by a cellular site close to a Ca?>" release zone
in which the Ca®" concentration can exceed that in the bulk cytosol by several
orders of magnitude for a brief period. Calcium signal peaks are limited spatially
and temporarily, as Ca>" ions diffuse away from these spots.

Calcium nanodomains exist between the sarcoplasmic reticulum and T tubule
(diad) as well as mitochondria; where Ca?t transfer between organelles is facil-
itated to match the mitochondrial energetics to the demand generated by cellular
processes.

The mitochondrial Ca?>" nanodomain refers to the tethering of mitochondria to
the sarcoplasmic reticulum that enables high local Ca>* concentrations to overcome
the low Ca?* affinity of Ca>* uniporter, which provides the main mitochondrial
Ca’t uptake [32]. In cardiomyocytes, the distance between the calcium release
unit (RyR2) and the mitochondrial surface ranges between 37 and 270 nm. At this
distance, during Ca?" release, Ca>* concentration is about 30 jumol/l.

Mitofusins MFnl and MFn2 of the outer mitochondrial membrane connect
adjoining mitochondria by forming homo- and heterotypic complexes. Mitofusin-
2 also localizes to the cardiac sarcoplasmic reticulum. Hence, mitofusin also tethers
the mitochondrion to the sarcoplasmic reticulum [32].
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Other tethering proteins between the endoplasmic reticulum and mitochondrion
include the mitochondrial distribution and morphology MDM complex and phos-
phofurin acidic cluster sorting protein PACS2.

Mitochondrial Calcium Uptake and Release

Calcium flux across the mitochondrial envelope regulates cellular energetics and
signaling and can activate cell death pathways. Various proteins are involved in the
transmission of Ca?>* between the sarcoplasmic reticulum and mitochondria, among
which proteins of the inner (IMM) and outer (OMM) mitochondrial membrane.

Mitochondria take up Ca>* primarily via calcium uniporter (mtCU) in the inner
mitochondrial membrane (conductance 5 x 10° Ca2t/s; density 10—40/um2) [32].
It oligomerizes and interacts with mitochondrial regulators of calcium uniporter
MiCUI to MiCU3, which have distinct expression patterns [33]. Subtype MiCU1
sets a Ca®>* threshold for mitochondrial Ca?>* uptake without changing the kinetic
properties of mtCU-mediated Ca?>* uptake, thereby avoiding Ca?* overload.
Another regulator that binds to mtCU is the integral membrane mitochondrial
calcium uniporter regulator MCURI that supports oxidative phosphorylation [34].

Several other carriers and factors contribute to mitochondrial Ca>* uptake, such
as coenzyme-Q10, RyR1, uncoupling proteins UCP2 and UCP3, and leucine zipper
EF-hand motif-containing transmembrane LeTM1 protein.

Voltage-dependent anion channel (VDAC) of the outer mitochondrial membrane,
which is linked to the endoplasmic reticulum inositol trisphosphate (IP3)-sensitive
Ca’* release channel by 70-kDa heat shock protein HSPa9,%” participates in Ca**
transfer from the sarcoplasmic reticulum to mitochondria. Subtype VDAC?2 inter-
acts with RyR2 isoform, thereby building sarcoplasmic reticulum—mitochondrion
junctions.

In cardiomyocytes, the energetically expensive mitochondrial Ca*>* efflux pri-
marily is done through dimeric Na*—Ca?* exchanger with a Ky for an intracellular
Nat concentration of about 8 mmol (in the physiological level range in cardiomy-
ocytes) [32]. It carries 3 Nat or Lit in exchange for 1 Ca?>" ion. Its action is
counterbalanced by mitochondrial Nat-H* exchanger.

Mitochondrial regions located close to diads (distance <500nm) experience
Ca’* flux of 37-nmol cytosolic Ca>* transient, whereas in other mitochondria areas
Ca’t concentration increases to 26 nmol per cardiac cycle [32]. Furthermore, the
mitochondrial Ca>* concentration reaches a peak earlier in a zone close to the Z line
than elsewhere in the mitochondrion, although mtCU is evenly distributed along the
mitochondrial envelope.

Two different modes of mitochondrial Ca>* uptake exist: a ™Umode 1 that
enables a large and rapid transfer of free Ca’" ions, hence controlling the tri-

20 A k.a. mortalin Mot2, peptide-binding protein PBP74, mitochondrial stress protein-70, 75-kDa
mitochondrial heat shock protein mtHSP75, and 75-kDa glucose-regulated protein GRP75.
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carboxylic acid cycle dehydrogenase activation for energy supply-and-demand
matching, and a slow ™“Umode 2 with lower Ca’" affinity that takes up Ca’*t
amounts leading to relatively small changes of mitochondrial Ca** concentra-
tion [32]. The latter mode is related to a phosphate-dependent buffer.

Mitochondrial Calcium Effect

In the mitochondrial matrix, the tricarboxylic acid cycle produces NADH and
FADH, that deliver electrons into the electron transport chain via FT¢complex-I
and -II. Sequential redox reactions along the electron transport chain promote the
translocation of H* across the inner mitochondrial membrane, thereby creating
a proton and electrical gradient that constitute the proton motive force used to
regenerate ATP from ADP by the F;Fy ATP synthase.

The tricarboxylic acid cycle regenerates NADH required for oxidative phosphor-
ylation at the electron transport chain. On the other hand, NADPH is regenerated by
3 enzymes, substrates of which derive from products of the tricarboxylic acid cycle:
isocitrate dehydrogenase (ICDH), mitochondrial NADPT-dependent malic enzyme
(ME), and nicotinamide nucleotide transhydrogenase (NNT) [32].

Calcium ion stimulates the electron transport chain, FiFy ATP synthase, and
the aspartate—glutamate carrier, thereby further contributing to the acceleration of
oxidative phosphorylation caused by ADP molecule.

In the mitochondrial matrix, Ca?>* ion stimulates 3 rate-limiting enzymes of the
tricarboxylic acid cycle (isocitrate dehydrogenase, a-ketoglutarate dehydrogenase,
and the pyruvate dehydrogenase complex) to accelerate the regeneration of oxi-
dized NAD™ and FAD to reduced NADH and FADH, form. Calcium uptake in
mitochondria also governs mitochondrial ROS synthesis (Sect. 3.1.5.3). Therefore,
mitochondrial Ca>* uptake not only allows to match energy supply to demand,
but also to keep NADPH in a reduced state to prevent overproduction of hydrogen
peroxide (H,O,) [32].

3.1.5.3 Signaling by Reactive Oxygen and Nitrogen Species

In the absence of excessive production, reactive oxygen and nitrogen species (Vol. 4
— Chap. 10. Other Major Signaling Mediators)?! operate as signaling messengers, in
addition to other second messengers (e.g., Ca>*, cAMP, IP3, and arachidonic acid).
The intracellular redox balance is safeguarded by ROS scavengers and antioxidants.
Molecular players in ROS and RNS generation localize to T tubules, mitochondrial
outer and inner membranes, jSR membrane, and cytosol.

21Reactive oxygen species comprise free radicals with an unpaired electron (e.g., membrane-
impermeable O; ~, and extremely short lifetime OH®) and nonradical derivatives (e.g., more stable,
membrane-permeable H,0,). The main reactive nitrogen species is the free radical NO®.
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In cardiomyocytes, ROS can be generated by mitochondrial respiratory oxidases
of the electron transfer chain (especially FT“complex-I and -III that generate
O3 in the mitochondrial matrix and on both sides of the inner mitochondrial
membrane, respectively), sarcolemmal (and T-tubular) NADPH oxidases,?? and
cytosolic enzymes of the arachidonic acid pathway (lipoxygenases [LOx] and
cyclooxygenases [COx]), cytochrome-P4508S, and xanthine oxidase (XOx). Further-
more, translocation of monoamine oxidase (MAQO) and NOx4 to mitochondria may
contribute to ROS production.

Cardiomyocytes synthesize the 3 nitric oxide synthase isoforms (NOSI-
NOS3).? The free radical NO*® reacts with superoxide (O57) to form peroxynitrite
(ONOO7™), a ROS and RNS species.

Reactive oxygen and nitrogen species may be transferred through mitochondrial
channels, such as inner membrane anion channel, mitochondrial permeability
transition pore, and voltage-dependent anion channel.

Low ROS concentrations increase Ca>* spark frequency, whereas higher levels
suppress Ca’" spark. A moderate increase in ROS production activates RyR
channels. At diads, ROS and RNS signaling have different temporal dynamics. A
stepwise stretch (static 8% stretch) of cardiomyocyte produces an immediate, short-
lived (approximately 10-s duration), ROS transient produced by NOx2 that may be
involved in mechanotransduction (N°*ROS transient) [20]. This process sensitizes
Ca’T-induced Ca’" release, the stretch increasing the number of Ca?" sparks. On
the other hand, a stretch-activated, NO® production can be detected 10 mn after a
single-step static 10% stretch.

Cardiac tissue traction and compression generates 2 acoustic wave types, a
compressional or tensile (P wave) and a shear (S wave) wave, that propagate at about
1550m/s and 1 to 5m/s, respectively [20]. The P wave generated by myocardial
deformation during the previous cycle traverses the entire myocardium faster than
the propagation of action potential, hence triggering NO*ROS production that yields
an electromechanical coupling gain.

In addition, mitochondria create intermittent, quantal, 10-s O3~ burst, the so-
called superoxide flash [20]. Superoxide flashes constitute elemental, local ROS
signaling. They are triggered by the opening of a mitochondrial permeability tran-
sition pore upon mitochondrial membrane depolarization. They are characterized
by a low frequency, brief duration, and spatial confinement, as they do not normally
propagate. They can undergo minor-to-moderate changes in amplitude and duration.
The resulting ROS nanodomain influences specific effectors at neighboring diads.

Reactive oxygen and nitrogen species set the redox potential of the intracellular
medium. They cause specific, usually reversible, oxidative—reductive modification

22On]y Nox1, Nox2, and Nox4 isoforms are synthesized in the heart. Among them, Nox2 localized
to T tubules is the predominant isoform in the adult cardiomyocyte.

23Subtype NOS3 preferentially lodges in caveolae of the sarcolemma at T tubules and crests.
Isoform NOS2 resides in caveolae and SR membrane.
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of signaling effectors. Their targets include ion channels and transporters, kinases
and phosphatases, and transcription factors, among others.

The diadic domain contains protein kinase-A (PKA) and Ca?*"—calmodulin-
dependent protein kinase CamK?2 as well as protein phosphatases. These kinases and
phosphatases can complex with RyR channels. Phosphorylation mostly triggered
by PKA and CamK2 can interfere with the ROS- and RNS-mediated redox
modifications. Both ROS and Ca?" activate CamK2 enzyme.

Reactive oxygen species also regulate diadic Ca’" signaling on various time
scales corresponding to the cardiac period or larger, reshaping Ca’t signal
amplitudes and kinetics [20]. Calcium channels and transporters (sarcolemmal
Cay1.2, Nat—Ca®* exchanger, and plasma membrane Ca®>" ATPase as well as on
the sarcoplasmic reticulum ryanodine receptors and sarco(endo)plasmic reticulum
Ca®T ATPase) are ROS and RNS targets.

The frequency and amplitude of spontaneous Ca’>* spark depends on the
basal ROS production. ROS transients initially increase and then decrease Ca’*
sparks [20]. ROS react with RyRs and affect calmodulin—RyR connection. Calmod-
ulin reduces Ca®* release by RyR channels.

Conversely, Ca?>" messenger’* modulates ROS action. Mitochondrial Ca?™
uniporter is involved in the regulation of superoxide flash generation.

3.1.5.4 GPCRs, Phosphorylation, and Sympathetic Control

Adrenoceptor-f1 and -p2 represent the predominant mediators of the sympathetic
control of the myocardial function. Selective f1-adrenoceptor stimulation causes
cardiomyocyte apoptosis, whereas P2-adrenoceptor activation has an antiapoptotic
effect [29].

Cyclic adenosine monophosphate is the predominant positively inotropic and
lusitropic effector of Gs-coupled p-adrenoceptors that controls the catecholamine-
dependent changes in rate, force, and speed of cardiac contraction. Spatially
confined cAMP signals originate from f2-adrenoceptors localized in T tubules
and caveolae with molecules which buffer and shape the cAMP signal for fine
control [29]. B1AR-mediated cAMP signal propagates throughout large regions of
the cell, whereas f2AR-primed signal remains confined in T tubules [29].

In healthy cardiomyocytes, B1-adrenoceptors localized in T tubules and cell
crests, but not f2-adrenoceptor, stimulate compartmentalized PKA that then phos-
phorylates Cay1.2, RyR2, phospholamban (relieving SERCA inhibition),”> and

24Calcium ion signaling ability derives almost entirely from its binding to and unbinding from
target proteins and its fluxes through permeable carriers that depolarize the plasma membrane.
The cyclic rise and fall of intracellular Ca®>T concentration engages and disengages the molecular
machinery of contractile myofilaments.

During restoration, cytosolic Ca®>t ions reenter the sarcoplasmic reticulum through

sarco(endo)plasmic reticulum Cat ATPase (SERCA) and is extruded to the extracellular space
by sarcolemmal N at—Ca2t exchanger (NCX) and plasma membrane Ca2t ATPase (PMCA).
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cardiac contractile proteins. Cardiomyocytes synthesize the 2 regulatory subunit
isoforms PKA,(, and PKA,g that reside in different subcellular compartments.
Activated P2-adrenoceptor produces a cAMP pool that preferentially activates
PKA5 [29].

On the other hand, caveolae, tiny invaginations of the plasma membrane
(caliber ~50 nm) distributed along the surface of cardiomyocytes, contain signaling
components, in addition to f2-adrenoceptor. Among them, Gi subunit reduces and
NOS3 antagonizes cAMP signaling.

3.1.6 Influence of Post-Translational Modifications
of Regulators

The nitroso-redox balance in the sarcoplasmic reticulum contributes to the cardi-
ovascular function. Ion channels involved in excitation—contraction coupling can
also undergo alternative redox-based modifications, such as Sglutathionylation and
higher Soxidations.

3.1.6.1 Glutathiolation

Tachycardia increases calcium release rate from the sarcoplasmic reticulum, hence
supporting myocardial preconditioning. Ischemic preconditioning is an adapta-
tion of the heart to short episodes of ischemia. Preconditioning can also be
achieved by short periods of tachycardia. Tachycardia-induced preconditioning
increases both the density and activity of ryanodine receptor RyR2 and SERCA2a
ATPase [35]. In addition, periods of increased cardiac activity may increase ROS
generation.

Tachycardia augments NADPH oxidase activity and RyR2 Sglutathiolation
in ventriculomyocytes [36]. It also launches association of Racl and NADPH
oxidase.

3.1.6.2 Nitrosylation—Denitrosylation Cycle

Nitric oxide participates not only in the control of the vasomotor tone by
c¢GMP-dependent signaling, but also in Snitrosylation (covalent attachment of
NO to the thiol group of cysteine residues). Cysteine Snitrosylation is a post-
translational modification by which nitric oxide regulates protein function and
signaling.

SNitrosylation influences systemic peripheral vascular resistance, in addition
to cardiac contractility. Constitutive NOS1 and NOS3 subserve endothelium-
dependent vasodilation and contribute to the action of B-adrenergic receptors and
intracellular calcium handling.
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Snitrosoglutathione reductase (GSNOR) denitrosylates proteins (removes the
NO molecule from the thiol group of cysteine residues in proteins®NC), thereby
regulating both vascular tone and cardiac contractility, both under basal conditions
and after B-adrenergic receptor stimulation [37]. It raises vascular tone and supports
B-adrenoceptor-mediated inotropy associated with denitrosylation of the RyR2
ryanodine receptor.

The control of vascular tone and cardiac contractility results, at least partly, from
the balance between nitric oxide synthase and Snitrosoglutathione reductase (i.e.,
from the nitrosylation—denitrosylation cycle).

B-Adrenoceptor stimulation relies, at least partly, on the concerted action of
NOSI and GSNOR that enhances Ca’" cycling in the sarcoplasmic reticulum on
the one hand and NOS3 and GSNOR that influence peripheral vascular tone.

SNitrosylation contributes to the regulation of metabolism and mitochondrial
energetics as substrate enzymes participate in glycolysis, gluconeogenesis, tricar-
boxylic acid cycle, and oxidative phosphorylation.

3.1.7 Energetics

A permanent high demand for energy is required by the myocardium to sustain its
metabolism and function, that is, ionic fluxes responsible for its electrical activity
and continuous series of contraction-relaxation cycles coupled to ionic motions.
The myocardium must permanently generates ATP at a high rate. Fuel is mainly
supplied by B-oxidation of long-chain fatty acids (50-70% of produced ATP).
Fatty acid B-oxidation depends on the myocardial contractility rate, presence of
competing substrates (i.e., glucose, lactate, ketones, and amino acids), hormonal
milieu, nervous command, and oxygen delivery.

The heart has an average oxygen requirement of 0.10 to 0.13/s (6 to 8 ml/mn)
per 100g at rest. Approximately 80% of oxygen consumption is related to its
mechanical work (20% for basal metabolism). Myocardial blood flow must fit
this energy demand. The myocardium also uses different substrates for its energy
production, mostly fatty acid metabolism, which gives nearly 70% of energy
requirements, and glucids.

Myocardium contraction requires a very high ATP/ADP ratio. At low ADP
levels, ADP does not diffuse quickly enough back to mitochondria, as the diffusion
rate is proportional to the concentration gradient.

Mitochondrial and myofibrillar creatine kinase (CK) and large amounts of
creatine and creatine phosphate are in equilibrium with the adenine nucleotide
pools. High concentrations of these highly diffusible energy carriers can increase
the maximum energy transport rate.
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The high cytosolic ATP/ADP ratio implies a low cytosolic AMP concentration,
as a result of the myokinase equilibrium.?® Molecule AMP serve as a signal for
ATP supply. It activates glycogen phosphorylase and phosphofructokinase, among
others. This nucleotide also generates adenosine that stimulates local blood flow.

Oxidative phosphorylation is a major source of adenosine triphosphate (ATP;
Vol. 1 — Chap. 4. Cell Structure and Function). Mitochondria use energy from sub-
strate oxidation to synthesize ATP from ADP and inorganic phosphate. Oxidative
energy metabolism relies firstly on a substrate selection. According to circumstances
and eventual therapy, carbohydrate oxidation can be favored over long-chain
fatty acid B-oxidation for energy production. Energetic substrates used for energy
metabolism, such as carbohydrates and long-chain fatty acids, are then diverted
away from other metabolic pathways, such as the conversion of long-chain fatty
acids to ceramides and diacylglycerides and the processing of glucose into the
hexosamine synthesis.

Another pathway of energetic metabolism is anaplerosis that refers to metabolic
pathways that replenish the tricarboxylic acid cycle-feeding molecules and interme-
diates, such as pyruvate, acetylCoA, and citrate.

3.1.7.1 Myocardial Fatty Acid Oxidation

The oxidative phosphorylation P/O ratio of oxidative phosphorylation estimates
the number of ATP molecules produced per atom of oxygen reduced by the
mitochondrial electron transport chain. It varies according to the energy substrate
used for the generation of mitochondrial reducing equivalents (both NADH and
FADH, for fatty acid oxidation and NADH for glycolysis and glucose oxidation,
i.e., pyruvate oxidation).?’

The complete oxidation of 1 palmitate molecule generates 105 ATP molecules
and consumes 46 oxygen atoms. On the other hand, the complete oxidation
of 1 glucose molecule produces 31 ATP molecules and consumes 12 oxygen
atoms [38].

In the normal adult heart, more than 95% of ATP production derives from
mitochondrial oxidative phosphorylation. The remainder originates from glycolysis
and GTP synthesis in the tricarboxylic acid cycle [38].

The heart has a relatively low ATP content (5 pmol/g wet weight) and high rate
of ATP hydrolysis (~30 pmol/g wet weight/mn at rest) [38]. In normal conditions,
the myocardial ATP pool experiences a complete turnover approximately every 10s.

26Myokinase converts ATP and AMP into 2 ADP molecules.

2T0Oxidation of NADH at ETCcomplex-I is indirectly coupled to ATP production. Oxidation of
FADH, bypasses “TCcomplex-I, thereby pumping fewer HT across the inner mitochondrial
membrane. Therefore, in addition to a greater oxygen requirement than that using glucose as input
substrate, fatty acids are less efficient for the generation of ATP than glucose [38].
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Mitochondrial ATP synthesis via oxidative phosphorylation depends on the
maintenance of an electrochemical proton gradient across the inner mitochondrial
membrane generated by the extrusion of protons from the matrix to the intermem-
brane space by FTCcomplex-I, -III, and -IV. Protons reentry into the mitochondrial
matrix via Fo—F; ATPase drives ATP generation.

Fatty Acid Metabolism

Fatty acids used by the myocardium primarily originate from plasma fatty acids
carried by albumin and triacylglycerol of chylomicrons and very-low-density
lipoproteins.?® The concentration of circulating free fatty acids ranges from 0.2 to
0.6 mmol [38].%

Fatty acids are taken up by cardiomyocytes in particular via ScaRb3 scavenger
receptor (or fatty acid translocase; Table 3.16). In the cytosol, fatty acids bound to
fatty acid-binding proteins are esterified to fatty acylCoA by fatty acylCoA synthase
(FACS) [38].

Fatty acylCoA can be esterified to triacylglycerol or the acyl group can be
transferred to carnitine via carnitine palmitoyltransferase CPT1. Acylcarnitine
enters mitochondria, where it is converted back to fatty acylCoA by carnitine
palmitoyltransferase CPT2.

The majority of fatty acylCoA that undergoes f-oxidation are mono- (e.g., oleate,
the most abundant fatty acid in blood) and polyunsaturated fatty acids. Fatty acid
p-oxidation creates acetylCoA, NADH, and FADH,. One cycle of P-oxidation
generates acetylCoA that enters the tricarboxylic acid cycle and a 2-carbon-shorter
fatty acyl chain.

In some circumstances, mitochondrial thioesterase (mtTE) can cleave long-chain
acylCoA to fatty acid anions (FA™), which can leave the mitochondrial matrix via
uncoupling protein [38].

Myocardial Fatty Acid Uptake

Circulating free fatty acids enter cardiomyocytes either by passive diffusion (flip-
flop phenomenon due to the lipophilic nature of fatty acids) or mainly via ScaRb3

28Most exogenous triacylglycerols derive from chylomicrons; a minor part originates from VLDL
particles. A significant proportion of fatty acids from VLDLs is taken up by cardiac VLDL-apoE
receptors. VLDL-derived fatty acids are equally distributed between $-oxidation and deposition
into intramyocardial lipids.

P Concentration of FFAs can vary from very low values in the fetal circulation to more than 2 mmol
during myocardial ischemia and uncontrolled diabetes [38]. Activated sympathetic nervous system
can rapidly increase circulating FFA concentration, primarily via stimulation by B-adrenoceptors
of hormone-sensitive lipase in adipose tissue. Lipoprotein lipase is responsible for most FFAs from
chylomicrons used for fatty acid f-oxidation.
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Table 3.16 Fatty acid oxidation in cardiomyocytes (Source: [38];
ACC: acetylCoA carboxylase; AcCoA: acetylCoA; AMPK: AMP-
activated protein kinase; CPT: carnitine palmitoyltransferase; FA:
fatty acid; FABPPM: plasmalemmal fatty acid-binding protein;
FACoA: fatty acylCoA; FACS: fatty acylCoA synthase; FATP: fatty
acid transport protein; MaCoA: malonylCoA; MCD: malonylCoA
decarboxylase; ScaR: scavenger receptor; TCA: tricarboxylic acid;
TAG [TG]: triacylglycerol [triglyceride]; © —: inhibition). Under
certain conditions, mitochondrial thioesterase (mtTE) cleaves long-
chain acylCoA to fatty acid anions (FA™) that can leave the
mitochondrial matrix via uncoupling proteins

Compartment Reaction and Transport
Blood Fatty acid—albumin
Triacylglycerol-chylomicron/VLDL
Plasma membrane ScaRb3, FABPPM,
FATP1-FATP6 (SLC27al-SLC27a6)
FACS
Cytosol FA —— FACoA
FACoA — TAG

ACC
AcCoA —> MaCoA

MCD
MaCoA —— AcCoA
AMPKS — ACC
MaCoAS — CPTI

. . CPT1 .

Mitochondrial FACoA —— acylcarnitine
.. CPT2
envelope Acylcarnitine —> FACoA
UCP

. . mtTE
Mitochondrial FACoA — FA
matrix FACoA — AcCoA — TCA

receptor (50-60% of fatty acid uptake), the plasmalemmal isoform of fatty acid-
binding protein (FABP™), and fatty acid transport proteins (FATP1-FATP6) [38].

Unlike FATPs or FABP™, ScaRb3 can move between endosomes and the
sarcolemma. Both cardiomyocyte contraction and insulin stimulate ScaRb3 translo-
cation to the sarcolemma [38]. Polyubiquination of ScaRb3 causes its proteosomal
degradation. Insulin impedes ScaRb3 polyubiquination. On the other hand, fatty
acids favor polyubiquination (feedback inhibition).

Myocardial Triglycerid Metabolism

The myocardium has labile stores of triacylglycerols, a source of free fatty
acids. Myocardial cytosolic long-chain acylCoA can be converted to triacylglyc-
erol by glycerolphosphate acyltransferase. In healthy people, the intramyocardial
triacylglycerol content is low (~3 mg/g tissue) relative to the FFA uptake rate
(~3 mg/g/h) [38].
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Stimulated B-adrenoceptors on cardiomyocytes activates glycerolphosphate acyl-
transferase and incorporates palmitate into triacylglycerol stores. Simultaneously
they elicit intramyocardial triacylglycerol breakdown.

Catabolism of intracellular triacylglycerol is catalyzed by hormone-sensitive
lipase, which is activated by cAMP messenger.

Lipoprotein Lipase

A majority of circulating free fatty acids correspond to triacylglycerol contained
in lipoproteins. Therefore, triacylglycerol hydrolysis by lipoprotein lipase (LPLase)
enables fatty acid uptake and p-oxidation.

Lipoprotein lipase on the capillary endothelial surface is initially synthesized
as an inactive monomeric proenzyme in the endoplasmic reticulum of the car-
diomyocyte [38]. This proenzyme is processed between the endoplasmic reticulum
and Golgi body. Active homodimeric lipoprotein lipase is then secreted. It binds
to heparan sulfate proteoglycans at the cardiomyocyte surface. It is subsequently
transferred to heparan sulfate proteoglycans of the wetted endothelial surface. Its
degradation follows its detachment from the cell surface and release into the blood
stream or endocytosis of the HSPG-LPLase complex.

AMP-activated protein kinase may stimulate the transfer of LPLase to the
luminal surface of the endothelium. On the other hand, in adipose tissue, LPLase
secretion decreases, as angiopoetin-like protein Angl4 favors the conversion of
active dimeric LPLase to inactive monomer [38].

The main tissular lipase — adipose triacylglycerol lipase (ATGL) — also
contributes to mitochondrial fatty acid uptake.

Mitochondrial Fatty Acid Uptake and Transfer

Mitochondrial carnitine palmitoyltransferase CPT1 converts long-chain acylCoA to
long-chain acylcarnitine. Acylcarnitine then moves into the mitochondrial matrix,
crossing the inner mitochondrial membrane via the carnitine—acylcarnitine translo-
case that exchanges carnitine esters, among which acylcarnitine for carnitine,
thereby yielding free carnitine for subsequent CPT1 reaction [38]. Once it is
in the matrix, acylcarnitine is converted back to long-chain acylCoA by CPT2
on the matrix side of the inner mitochondrial membrane, which is less sensitive
to inhibition by malonylCoA. Long-chain acylCoA then enters the fatty acid
B-oxidation.

MalonylCoA (turnover half-time ~1.25mn) inhibits CPT1 enzyme [38].
Myocardial malonylCoA concentration depends on the balance between synthesis
from acetylCoA via acetylCoA carboxylase (ACC) and its degradation by tetrameric
malonylCoA decarboxylase (MCD).
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Two cardiac ACC isoforms exist (ACCa and predominant ACCP). Activity of
ACC enzyme is inversely related to fatty acid B-oxidation [38]. Kinase AMPK
phosphorylates (inactivates) both ACCa and ACCP.

MalonylCoA decarboxylase resides in mitochondria, peroxisomes, and the
cytosol. In humans, the Mcd gene has 2 5’ start sites that code for a 54- and 50-
kDa protein. Both MCD isoforms are synthesized in the heart [38].

Fatty Acid Regulators

Once in the cytosol, fatty acids are converted into long-chain acylCoA esters by fatty
acylCoA synthase (FACS). Long-chain acylCoA can then be used for synthesis of
intracellular lipid intermediates (tri- and diacylglycerol and ceramides). The fatty
acid moiety can also be transferred to carnitine and taken up by mitochondria. In
the normal heart, about 75% of taken up fatty acids are immediately oxidized [38].

Fatty acid are ligands for nuclear receptors NR1cl to NR1c3 (or transcription
factors PPARa to PPARYy) that heterodimerize with NR2b factors (or retinoid
X receptors) and translocate to the nucleus, where they bind to their cognate
response elements. Numerous transcriptional coactivators, such as PGCla and
PGC18, participate in NR1c-mediated transcription.

Target genes of NR1c1 encode regulators of [38]: (1) fatty acid uptake (ScaRb3
and FATP1); (2) cytosolic fatty acid binding and esterification (fatty acid-binding
protein, fatty acylCoA synthase, glycerol 3-phosphate acyltransferase, diacyl-
glycerol acyltransferase); (3) mitochondrial fatty acid uptake (carnitine palmi-
toyltransferase CPT1); (4) fatty acid storage (e.g., diacylglycerol acyltransferase
(DGATY]); (5) fatty acid oxidation (very-long- [VLCAD], long- [LCAD], and
medium [C4 to C12]-chain acylCoA dehydrogenase [MCAD]); (6) malonylCoA
metabolism (malonylCoA decarboxylase); (7) mitochondrial uncoupling (mito-
chondrial thioesterase mtTE1 and uncoupling proteins [UCP2-UCP3]); as well as
(8) glucose oxidation (e.g., pyruvate dehydrogenase kinase PDHK4).

Ubiquitous factor NR1c2 (PPARP) is highly synthesized in the heart. It
is involved in the transcriptional control of genes that encode many NRIlcl-
targeted enzymes [38]. On the other hand, NR1c3 is poorly expressed in the
heart.

Upregulation of PGC1 expression by exercise and fasting increase mitochondrial
genesis, fatty acid p-oxidation, and oxidative phosphorylation [38].

Fatty acid p-oxidation relies on [38]: (1) oxygen delivery to cardiomyocytes;
(2) fatty acid supply to cardiomyocytes as well as their uptake, esterification, and
mitochondrial transfer; (3) mitochondrial function (i.e., activity of tricarboxylic acid
cycle and electron transport chain activity); (4) transcriptional control of enzymes
involved in fatty acid metabolism and mitochondrial genesis; (5) energy demand;
and (6) existence of other energy substrates (amino acids, glucose, ketones, and
lactate), fatty acids being either major contributors to cardiac oxidative energetic
metabolism or minor providers.
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Enzymes of Fatty Acid Oxidation

In the mitochondrial matrix, long-chain acylCoA undergoes B-oxidation. Each cycle
of fatty acid B-oxidation shortens the fatty acyl moiety by 2 carbons and produces
acetylCoA, flavin adenine dinucleotide (FADH,), and nicotinamide adenine dinu-
cleotide (NADH).

Fatty acid B-oxidation involves sequentially 4 enzymes [38]: acylCoA dehydro-
genases that constitute a category of enzymes catalyzing the initial step of fatty
acid B-oxidation in mitochondria; enoylCoA hydratase (enoylCoA hydratase/3-
hydroxyacylCoA dehydrogenase [EHHADH]); (1,3)-hydroxyacylCoA dehydroge-
nase (HADH); and 3-ketoacylCoA thiolase.

These 4 enzymes lodge in cardiomyocytes with varying fatty acid chain-length
specificities. All these enzymes are sensitive to feedback inhibition by their reaction
products, including acetylCoA, FADH,, and NADH.

The transcription of fatty acid p-oxidation enzymes is controlled by agonist
(eicosanoids and leukotrienes)-activated nuclear NR1c1 receptor (PPAR« transcrip-
tion factor) as well as PGCla and PGC1§.

At equivalent concentrations, unsaturated fatty acids, such as oleate and
arachidonic acid, are oxidized at a similar rate than that of saturated fatty
acid palmitate [38]. P-Oxidation of mono- and polyunsaturated fatty acids is
facilitated by auxiliary enzymes, such as (2,4)-dienoylCoA reductase and enoylCoA
isomerase.

Uncoupling of Mitochondrial H* Gradient from ATP Synthesis

Increased delivery of acetylCoA to the tricarboxylic acid cycle and subsequent
supply of reducing equivalents (FADH, and NADH) to the electron transport
chain from augmented fatty acid f-oxidation can reduce cardiac efficiency via the
activation of uncoupling proteins that dissipate the mitochondrial H* gradient and
uncouple it from ATP synthesis.*

Moreover, uncoupling proteins also contribute to the export of fatty acid anions
generated in the mitochondrial matrix during hydrolysis of matrix fatty acylCoA by
mitochondrial thioesterases [38].3!

30Uncoupling proteins (UCP1-UCP5) are mitochondrial transport proteins that serve for the
reentry of protons from the intermembrane space to the mitochondrial matrix uncoupled to
ATP synthesis. Subtype UCPI1 is highly expressed in brown adipose tissue, but not in the
heart. Ubiquitous UCP2 minimizes generation of mitochondrion-derived reactive oxygen species.
Isoform UCP?3, a fatty acid anion transporter, is highly produced in the heart, skeletal muscle, and
brown adipose tissue.

3 Fatty acid anions are also generated in the cytosol during hydrolysis of cytosolic fatty acylCoA
by cytosolic thioesterases.
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Futile Cycling of Fatty Acids

Export of fatty acid anions from the mitochondrial matrix by UCP3 generates a
futile cycle [38]. Exported fatty acid anion is converted to an acylCoA ester prior
reentry to the mitochondrial matrix for further metabolism via fatty acid B-oxidation.
This process requires fatty acylCoA synthase that consumes 2 ATP molecules and
releases AMP and pyrophosphate.

When fatty acid utilization increases, cytosolic thioesterases, production of
which rises, are committed in the futile cycling of fatty acids.

Adenine nucleotide translocator is inhibited by long-chain acylCoA at either side
of the mitochondrial membrane.

Interaction Between Fatty Acid and Glucose Metabolism

In a well-perfused myocardium, 50 to 70% of acetylCoA comes from fatty acid
oxidation and 30 to 50% from pyruvate oxidation that derives approximately in
equal amounts from glycolysis and lactate oxidation [38].

Pyruvate formed from glycolysis takes 3 main routes (Table 3.17): (1) conversion
to lactate; (2) decarboxylation to acetylCoA, an irreversible step in carbohydrate
oxidation catalyzed by pyruvate dehydrogenase in the mitochondrial matrix;** and
(3) carboxylation to oxaloacetate or malate.

Elevated generation of acetylCoA from fatty acid oxidation decreases glucose
(pyruvate) oxidation®® via the activation of pyruvate dehydrogenase kinase and
subsequent inhibition of pyruvate dehydrogenase. In addition, augmented supply
of fatty acid oxidation-derived acetylCoA to the tricarboxylic acid cycle also lowers
glycolysis due to the inhibition of phosphofructokinase PFK1 by cytosolic citrate,
a TCA intermediate exported via the tricarboxylate carrier. High rates of fatty
acid oxidation inhibit both phosphofructokinase isoforms (PFK1-PFK2), hence
glycolysis, via an elevated cytosolic citrate concentration [38].

Conversely, a heightened generation of acetylCoA derived from glucose (pyru-
vate) oxidation inhibits fatty acid f-oxidation, as 3-ketoacylCoA thiolase is inhibited
by acetylCoA [38]. AcetylCoA formed from glycolysis due to carnitine acetyltrans-
ferase and subsequent production of acetylcarnitine is also a substrate for carnitine—
acetylcarnitine transferase. The latter exports acetylcarnitine to the cytosol, where it
can be reconverted to acetylCoA by cytosolic carnitine acetyltransferase. Cytosolic

3Pyruvate dehydrogenase is phosphorylated (inactivated) by pyruvate dehydrogenase kinase
(PDHK) and dephosphorylated (activated) by pyruvate dehydrogenase phosphatase (PDHP).
Among the 4 isoforms (PDHK1-PDHK4), PDHK4 is the predominant cardiac isoform. Pyruvate
dehydrogenase kinase is inhibited by pyruvate and reduced acetylCoA/CoA and NADH/NAD T
ratios [38]. A high level of circulating free fatty acids and intracellular accumulation of long-chain
fatty acids support NRIcl-mediated PDHK4 synthesis. Pyruvate dehydrogenase phosphatase is
activited by Ca?t and Mg?+ ions.

3Pyruvate is the usual mitochondrial fuel produced by glycolysis.
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Table 3.17 Glucose—fatty acid competition as substrate of cardiac
energetics; reciprocal inhibition (Source: [38]) Elevated generation
of acetylCoA (AcCoA) from fatty acid oxidation reduces glu-
cose (pyruvate) oxidation via activation of pyruvate dehydrogenase
kinase (PDHK) that phosphorylates (inhibits) pyruvate dehydroge-
nase (PDH). In addition, citrate, a tricarboxylic acid cycle (TCA)
intermediate exported to the cytosol via the tricarboxylic car-
rier (TCC), inhibits phosphofructokinase PFK1, hence glycolysis.
Conversely, increased production of acetylCoA from glycolysis
inhibits fatty acid oxidation, as ketoacylCoA thiolase is inhibited by
acetylCoA. AcetylCoA derived from glycolysis generates acetylcar-
nitine (AcCarnitine) by activited carnitine acetyltransferase (CAT).
Carnitine—acetylcarnitine transferase (CACT) exports acetylcarni-
tine to the cytosol, where it can be reconverted to acetylCoA by
cytosolic CAT. Cytosolic acetylCoA is a substrate for acetylCoA
carboxylase (ACC), which catalyzes the generation of malonyl-
CoA, an inhibitor of carnitine palmitoyltransferase CPT1, thereby
decreasing fatty acid oxidation when glucose supply rises (ACL:
ATP-citrate lyase; LDH: lactate dehydrogenase; MCC: monocar-
boxylate carrier; @ —>: stimulation; © —>: inhibition)

Compartment Reaction and Transport
PFK1
Cytosol G6P —— pyruvate

LDH
Lactate —>pyruvate

. ACL
Citrate —>AcCoA

Mitochondrial MCC (pyruvate entry into matrix)
envelope TCC (citrate exit into cytosol)
. . PDH
Mitochondrial Pyruvate —> AcCoA
matrix PDHK& — PDH
PDHP® —> PDH
AcCoA — TCA

AcCoA — FACoA

CAT .
AcCoA ——> AcCarnitine

acetylCoA is processed by acetylCoA carboxylase, which generates malonylCoA,
an inhibitor of carnitine palmitoyltransferase CPT1, thereby diminishing fatty acid
oxidation when glycolysis rises.

3.1.7.2 AMP-Activated Protein Kinase

AMP-activated protein kinase (AMPK; Vols. 1 — Chap. 4. Cell Structure and
Function and 4 — Chap. 5. Cytosolic Protein Ser/Thr Kinases) is a heterotrimer
(o catalytic and f and AMP sensitivity-conferring y regulatory subunits). Numerous
isoforms of each subunit exist with a variable tissue distribution pattern. In the heart,
al and predominant a2, f1 and p2, and y1 and y2 subunits are synthesized [38].
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This sensor of cellular energy status participates in the control of the energetic
balance. This kinase integrates nutritional and hormonal signals. It mediates effects
of adipokines (e.g., adiponectin and leptin) in the regulation of food intake and
glucose and lipid homeostasis [39]. It can enhance insulin sensitivity. It is regulated
by kinases such as liver kinase-B (LKB1 or STK11).

Enzyme AMPK responds to depleted cellular ATP level, increased AMP concen-
tration, and elevated creatine/phosphocreatine ratio. Its activation usually requires
changes in AMP/ATP or Cr/PCr ratio. Nonetheless, insulin inhibits myocardial
AMPK when these ratios do not change.

Protein AMPK regulates not only fatty acid B-oxidation, but also glucose uptake
and glycolysis. Kinase AMPK increases and decreases fatty acid p-oxidation during
augmented and lowered energy demand, respectively. It operates via acetylCoA
carboxylase activity and malonylCoA concentration [38].

During ischemia, the upstream kinase AMP2K of the signaling cascade that
activates AMPK is neither LKB1, nor CaM2K@, but may be myosin light chain
kinase (MLCK) [38].

3.1.7.3 Mitochondria

Mitochondria constitute approximately 30% of the myocyte volume. Mitochondria
operate in the energetic metabolism, as they generate ATP, the ultimate energy
transfer molecule, thermogenesis, signaling, as they produce reactive oxygen
species in particular, maintenance of calcium homeostasis, and apoptosis, the latter
being preceded by mitochondrial fission apoptosis.

Mitochondria are dynamic organelles that reorganize, reshape by fusion and
fission, and relocalize within cells. Cyclic changes in fusion and fission involve
regulators such as transmembrane GTPases [40].

Mitochondrial fusion enables the exchange of soluble matrix proteins and
complementation between mitochondrial DNA molecules, modulates mitochondrial
dimensions and shape, and determines the size and dynamics of the mitochondrial
Ca2t pool. The mitochondrial transmembrane GTPases, mitofusin MFn1 mediates
the mitochondrial fusion, whereas MFn2 supports clustering of mitochondria [41].

Nuclear-encoded, mitochondrial, 120-kDa dynamin-like molecule optic atrophy
protein OPA1%* is involved in normal mitochondrial morphology and division.
Cytoplasmic dynamin-related protein DRP1 contributes to mitochondrial fission,
as it accumulates and assembles on the outer mitochondrial membrane at sites of
membrane fission.

In addition to the nucleus, the mitochondrion is a source of DNA in cells. The
mitochondrial encodes 13 constituents of the electron transport chain, the remaining

3Mutations in the OPA1 gene cause autosomal dominant type-1 optic atrophy. Optic atrophy
protein OPAI1, a.k.a. mitochondrial genome maintenance protein MGM1 and mitochondrial
nucleoid protein, contains a mitochondrial targeting signal, hence localizing to mitochondria.
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Table 3.18 Stages and components of the citric acid cycle, also called the tricarboxylic acid
(TCA) cycle and Krebs cycle. Both NADH and FADH2 supply electrons from metabolic substrates.
Mitochondrial oxidative phosphorylation relies on the transfer of electrons from electron donors to
electron acceptors to produce ATP via multimeric complexes in the mitochondrial inner membrane
called the electron transport chain (ET¢complex-I-FTCcomplex-TV). Both NADH and succinate
produced in the TCA cycle donate electrons to ETCcomplex I (NADH dehydrogenase) and -
II (succinate dehydrogenase). These electrons are transferred to ubiquinone and delivered to
ETCcomplex-IIT and, then, ETCcomplex-IV. As electrons are transferred, hydrogen ions are pumped
to the intermembrane space to create a gradient and the mitochondrial membrane potential. ATP
synthase (ETCcomplex-V) uses achieved proton gradient to convert ADP to ATP. The TCA cycle
operates in 2 spans, acetylCoA to a-ketoglutarate and a-ketoglutarate to oxaloacetate, the second
span with succinate, fumarate, and malate intermediates yielding anaerobic ATP

Stage Substrate Enzyme
Input Pyruvate (cytosol) Enzymes of glycolysis
AcetylCoA (oxidative decarboxylation Pyruvate dehydrogenase (PDH)

in mitochondrial matrix)
Tricarboxylic acid cycle

1 Oxaloacetate Citrate synthase (CS)

2 Citrate Aconitase (Aco)

3 Aconitate Aconitase

4 Isocitrate Isocitrate dehydrogenase (ICDH)

5 Oxalosuccinate Isocitrate dehydrogenase

6 Ketoglutarate Ketoglutarate dehydrogenase (KGDH)
7 SuccinylCoA SuccinylCoA synthase (SCoAS)

8 Succinate Succinate dehydrogenase (SDH)

9 Fumarate Fumarase (Fum)

10 Malate Malate dehydrogenase (MDH)

79 polypeptides being encoded in the nucleus. These polypeptides combine to create
the ETCcomplexes required for ATP generation. Other nuclear-encoded proteins
comprise members of the tricarboxylic cycle and transporters for protein shut-
tling between the mitochondrion and cytosol, among others. Protein translocation
through mitochondrial membranes requires conditioning mediated by chaperone
and motor proteins.

Source of Energy — Tricarboxylic Acid Cycle and Electron Transport Chain

Cardiomyocytes have a large population of mitochondria that produce ATP from
products of the tricarboxylic acid cycle, or citric acid cycle as well as fatty acid and
amino acid oxidation (Vol. 1 — Chap. 4. Cell Structure and Function; Table 3.18).
At the inner mitochondrial membrane, electrons from NADH and succinate
pass through the electron transport chain to oxygen, which is reduced to water.
The electron transport chain comprises a set of electron donors and acceptors.
Each electron donor passes electrons to a more electronegative acceptor. Molecular
oxygen is the most electronegative, hence the terminal electron acceptor in the chain.
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Passage of electrons between donor and acceptor releases energy, which is used
to generate a proton gradient across the mitochondrial membrane by active proton
pumps into the intermembrane space, producing a thermodynamic state that has the
potential to do work. A given Gibbs free energy is available to do work.

Although the electron transport chain efficiently utiizes O, in the controlled
oxidation of redox carriers, superoxide anion (O37) is an unavoidable by-product
of oxidative phosphorylation.

Transcription of Mitochondrial DNA

Many proteins of the respiratory chain and ATP synthase are translated by mitochon-
drial ribosomes. Oxidative phosphorylation capacity then depends on the regulation
of mitochondrial DNA (mtDNA) expression and mitochondrial ribosome genesis.
Mitochondrial DNA is a double-stranded circular molecule that encodes 22 tRNAs,
2 rRNAs, and 13 subunits of the respiratory chain.

Transcription is initiated from 2 sites, the light- (LSP) and heavy-strand (HSP1)
promoters [42]. A second transcription initiation site (HSP2) downstream from
HSP1 also exists. Transcription from LSP also produces the RNA primers required
for initiation of mtDNA replication at the origin of the heavy strand.

The machinery responsible for transcription initiation in mitochondria consists
of mitochondrial RNA polymerase, mitochondrial transcription factor mtTFb2
encoded by the TFB2M gene, and mitochondrial transcription factor mtTFa, a high-
mobility group-box (HMG) protein encoded by the TFAM gene. The latter binds a
specific sequence immediately upstream from mitochondrial gene promoters (i.e.,
upstream from HSP1 and LSP transcription start sites). Factor mTFa recruits the
transcription machinery [42]. In addition, mtTFa is a DNA-packaging factor that
enables mtDNA coating and packaging into nucleoids, as it can bind, wrap, and bend
DNA [42]. In humans, mitochondrial, DNA-directed, RNA polymerase mtRPol
encoded by the POLRMT gene recognizes promoter elements. Transcription termi-
nation is also regulated by binding of mitochondrial factors such as transcription
termination factor mtTerF1 of the mitochondrial transcription termination factor
(MTERF) family (mtTerF1-mtTerF4).

Methylation of rRNA supports ribosome genesis. In mitochondria, the dimethy-
ladenosine transferase, mitochondrial transcription factor mtTFbl encoded by the
TFBIM gene, dimethylates 2 adenines of 12S rRNA to permit genesis of the small
ribosomal subunit [43]. Member mtTerF4 recruits NSUn domain-containing RNA
methyltransferase NSUn4 to the large ribosomal subunit [44].%

3Methyltransferases of the NOL1-NOP2-SUn (Sad1P [Schizosaccharomyces pombe] and Unc84
[Caenorhabditis elegans)] domain-containing protein family catalyzes the methylation of cytosine
to 5-methylcytosine. The proteic domain refers to ribosomal RNA methyltransferase nucleolar
protein homolog NoL1, also called NoP2 and NSunl, which is found in archaeal, bacterial, and
eukaryotic proteins.
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Mitochondrion Displacements

Mitochondrial transport within cells relies mainly on microtubules, whereas actin
may mediate short-range mitochondrial displacements and anchoring. Filamentous
actin enhances mitochondrial size and number, whereas globular actin causes
mitochondrial fragmentation and reduces mitochondrial density [45]. The cellular
Factin/Cactin ratio regulates action of the serum response factor. The latter and
actin modulate mitochondrial dynamics via actin-severing cofilin and slingshot
phosphatase. Actin polymerization and depolymerization increases and reduces
SRF activity, respectively. Activity of SRF is not only adjusted by actin dynamics.
Conversely, SRF adapts mRNA levels of actin isoforms (ActA—ActC) and actin
binding proteins, such as myosins, tropomyosins, gelsolin, and actinin, via cofactors
of the myocardin-related transcription factor (MRTF) family. In addition, phosphor-
ylation of the actin-severing protein cofilin rises. Cofilin activity is inhibited by
LIMK and assisted by slingshot phosphatases.

In addition, redistribution of mitochondria in subcellular compartments can
influence cell signaling. In particular, hypoxia alters the microtubule-dependent
transport of mitochondria. Consequently, these organelles accumulate in the per-
inuclear region. The resulting elevated intranuclear ROS concentration stimulates
the transcription of the hypoxia-sensitive VEGF gene by oxidizing DNA sequences
in the hypoxia response element of the VEGF promoter [46].

Metabolism Controller

Defective mitochondrial oxidative metabolism of fatty acids is associated with the
development of the metabolic syndrome (i.e., diet-induced obesity and insulin resis-
tance in adipose tissue and skeletal muscle). Obese individuals have mitochondria
with impaired energetic capacity.

Mitochondrial genesis, thermogenesis, and glucose and fatty acid metabolism
are regulated by peroxisome proliferator-activated receptor-y coactivator PGC1p,
a transcriptional coactivator that interacts with numerous transcription factors. It
is encoded by the PPARGCI1B gene and preferentially expressed in tissues with
high mitochondrial content, such as myocardium, slow skeletal muscle, and brown
adipose tissue.

The Pgclb gene encodes 2 microRNAs, miR378 and miR378*, from a common
hairpin RNA precursor. These transcript inhibitors counterbalance the metabolic
actions of PGCI1f factor [47]. These microRNAs target transcripts of carnitine
Oacetyltransferase (CRAT), a mitochondrial enzyme involved in fatty acid metab-
olism, and Med13, a component of the Mediator complex that controls nuclear
hormone receptor activity.>® Therefore, both miR378 and miR378* participate in
the regulation of mitochondrial metabolism and energy homeostasis.

35Subunit Med13 is also targeted by miR208a and other muscle-specific miRNAs encoded by
introns of myosin heavy-chain genes.



3.1 Heart 199

Signaling Node

Mitochondria serve as nodes in numerous signaling pathways. They operate espe-
cially in metabolism and apoptosis. Mitochondria can modulate calcium-induced
signal transmission. They may support stabilization of oxygen-sensitive transcrip-
tion factors.

In addition to being major sites of energetics control, mitochondria constitute
sources of reactive oxygen (ROS) and nitrogen (RNS) species that react with
mitochondrial molecules (Sect. 3.1.5.3).

A small percentage of electrons exits from the electron transport chain. Elec-
tron leakage predominantly occurs at ETCcomplex-I and -III, leading to a partial
reduction of oxygen. These electrons then form the free radical superoxide, a highly
reactive molecule that contributes to redox state-associated signaling (Vol. 4 —
Chap. 10. Other Major Signaling Mediators). Manganese superoxide dismutases,
MnSOD in the mitochondrial matrix and ¢““"SOD) in the intermembrane space,
convert superoxide into hydrogen peroxide. The latter can then be fully reduced
to water by antioxidant enzymes, such as glutathione peroxidase and catalase (in
mitochondria of heart and liver cells).

Therefore, the balance between ROS generation and the antioxidant activity con-
trols the oxidative status. Manganese addition, hyperglycemia, and leptin support
superoxide production. Increased levels of oxygen and decreased electron flow
through the electron transport chain augment ROS generation. Calcium regulates
ROS production via the TCA cycle and cytochrome-C loss [48].

At normal concentrations, reactive oxygen species are implicated in mitogenic
signaling. Superoxide increases MAPK activity and stimulates vascular smooth
myocyte proliferation. In addition, hydroxyl radical activates guanylate cyclase,
thereby producing cGMP that mediates vascular smooth myocyte relaxation.

Higher ROS levels cause strong oxidative modifications, mitochondrial dysfunc-
tion, and oxidative stress. In addition, superoxide can also combine with nitric oxide
to produce reactive peroxynitrite.

Mitochondrial Ion Carriers

Mitochondrial ion-selective or nonselective channels control the ionic balance and
volume of the mitochondrial matrix (Tables 3.19 to 3.21). Ion transfer is restricted at
the mitochondrial envelope by maintenance of charge neutrality and limited changes
in the matrix osmolarity [49].

Symporters cotransport different ion types, or an ion and a metabolite, in the
same direction across the membrane (e.g., mitochondrial P,—H™ cotransporter).
Antiporters exchange ions on different sides of the membrane; they are either
electroneutral (e.g., mitochondrial Nat—H™ antiporter) or electrogenic (e.g., Nat—
Ca?* exchanger), when the ion flux is driven by both the electrochemical gradients
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Table 3.19 Mitochondrial inner membrane carriers: role and features (Source: [49]; ANT:
adenine nucleotide translocase; mtAC: mitochondrial apoptosis-induced channel; mtPBR:
mitochondrial peripheral benzodiazepine receptor [primary component: 18-kDa isoquinoline
carboxamide-binding protein (IBP)]). Translocase of the outer membrane of mitochondria (TOM)
and its partner on the inner membrane, TIM, can form large conductance channels enabling the
transfer of mitochondrial preproteins encoded in the nucleus. The first step of steroid synthesis
is the conversion of cholesterol transported through PBR to pregnenolone catalyzed by the
cytochrome-P450 side-chain cleavage enzyme (CyP450scc) located on the mitochondrial inner
membrane. Voltage-dependent anion channel (VDAC) that abounds in the mitochondrial outer
membrane enables entry and exit of metabolites and ions; it is a component of the mitochondrial
contact site between the outer and inner membranes

Type Role and regulation

mtAC Cytochrome-C release (apoptosis)
Voltage independent, cation selective

mtPBR Cholesterol transport, steroid genesis

TOM40 Protein transport

VDAC (porin) Metabolite transport (ATP, ADP, P)),

Free diffusion of cations (Ca2+, KT, Na+)

PTP complex component ANT and ATP synthase (F;Fop ATPase)
cytochrome-C release (apoptosis [?]) binding site for hexokinase-2

Phosphorylation by PKA, PKCe, Tyr kinases { ADP flux by NADH
and Mg2+-NAD(P)HMe"

of the transported ions and the membrane potential. In a uniporter, ions flow
electrophoretically down their electrochemical gradient (e.g., mitochondrial Ca>*
uniporter).

The entry of a cation depolarizes the mitochondrial membrane and stimulates
proton pumping to balance the entering positive charge. This increases the pH
gradient component of the proton-motive force. When the cation accumulation
in the matrix is accompanied by either the movement of a permeant weak acid
such as acetate or the electroneutral uptake of inorganic phosphate (P;) driven
by the proton gradient, the pH change is prevented with a net increase in matrix
osmolarity and mitochondrial volume. Mitochondrial swelling can be counteracted
by cation—proton antiporters. Potassium influx through mitochondrial ATP-sensitive
K™ channel and efflux through K*—H™ exchanger can regulate the mitochondrial
volume [49]. Anion efflux through an inner membrane anion channel (e.g., inner
membrane anion channel) coupled with cation efflux can cause mitochondrial
shrinkage.

A rapid cation uptake is done by the K* uniporter. Calcium uptake decrease
surrounding pH, stimulates cell respiration, causes a cycle of swelling and contrac-
tion of the mitochondrion, oxidizes NADH, and alters the redox state of electron
transport chain carriers. If the mitochondrial permeability transition pore (PTP) is
not activated, mitochondria can take up large amounts of Ca®>* ions, acting as a
Ca’" sink, especially during the diastole.



3.1 Heart 201

Table 3.20 Mitochondrial inner membrane carriers: role (Source: [49]; CIC: voltage-dependent
chloride channel; mtCIIC: mitochondrial chloride intracellular channel; IMAC: inner-membrane
anion channel; mtCU: mitochondrial Ca®T uniporter; PTP: permeability transition pore). Mito-
chondrial ATP synthase transfers protons down the electrochemical gradient. Mitochondrial
uncoupling protein has 3 isoforms (mtUCP1-mtUCP3). Partial uncoupling may protect by
modifying the production rate of free radicals; that of UCP2 and/or UCP3 may optimize the
efficiency of energetic metabolism. Ryanodine receptor RyR1 resides in the cardiac mitochondrial
inner membrane, where it can participate in Ca?T influx or efflux according to the orientation of
the Ca?t -triggering site. Mitochondrial Kxrp channel protects the heart during ischemia, unlike
sarcoplasmic Karp channel that plays a minor role, despite its greater conductance. Activated
mitochondrial K¢, channel may cause a partial depolarization that may decrease the driving force
for Ca?T entry under inotropic stimulation or ischemia

Type Role and features
IMAC (CIC?) Volume regulation
Inorganic anion permeability: NO;” > CI~ > Pi
Organic anion permeability: oxaloacetate’™ > citrate®™ > malate’~ > ATP*~
Temperature-sensitive inhibition by H7 and Mg2+
Activation by ROS-induced ROS release

Ky1.3 Cell death

mtCIIC (?) Apoptosis

mtCU Ca?t uptake (flux ~20.10% Ca2t/s) (dependent on ATP, P;, and Mg21)
mtKc, Volume regulation, protection against ischemia PKA substrate

mtKarp Volume regulation, protection against ischemia GSK3f substrate
mtUCP Thermogenesis HT and C1~ conductance (H™T leak route)

RyR1 Ca’t flux

PTP Nonselective transport of ions and metabolites

Opening by Ca2t overload, depolarization, P, ROS
Inhibition by adenine nucleotides, Mg? ™, matrix H complex formed by ANT,
VDAGC, cyclophilin-D, F;F, ATPase, hexokinase

Calcium

Mitochondrial calcium uptake through Ca>™ uniporter relies on both the concentra-
tion gradient and mitochondrial membrane potential. Calcium extrusion through the
Nat—Ca’" exchanger maintains the mitochondrial Ca?>* level. The mitochondrial
permeability transition pore also enables calcium efflux [48].

Cardiac Mitochondrial NOS

Nitric oxide is a free radical and gaseous uncharged 30-Da regulator, which is
highly diffusible in aqueous and lipid phases, but travels over short distances
due to the high reactivity. Nitric oxide is involved not only in the regulation of
coronary vasomotor tone, but also in cardiac metabolism, ion channel activity,
energy production, autocrine regulation of myocardial contraction and relaxation,
O, consumption, apoptosis, and hypertrophy.
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Table 3.21 Mitochondrial inner membrane carriers: substance
fluxes (Source: [50]; ANT: mitochondrial adenine nucleotide
translocase; mtKHE: mitochondrial Kt-Ht exchanger; IMAC:
inner-membrane anion channel [permeable to various anion
types and small anionic metabolites, such as Cl~, malate,
oxaloacetate, malonate, citrate, ATP]; mtCU: mitochondrial
Ca®* uniporter; mtKc,: mitochondrial Ca>* -activated K+ chan-
nel; mtK qrp: mitochondrial ATP-sensitive K+ channel; mtNCE:
mitochondrial Nat-Ca2™t exchanger; mtNHE: mitochondrial
NaT-HT exchanger; PiC: mitochondrial inorganic phosphate
carrier; PTP: mitochondrial permeability transition pore)

Type Substance fluxes

ANT Outward ATP and inward ADP fluxes
IMAC Outward anion [O3 ] flux

mtCU Inward Ca2t flux

mtKc, Inward Kt flux

mtKarp Inward K™ flux

mtKHE Outward K and inward H fluxes
mtNCE Outward Ca2t and inward Na™ fluxes
mtNHE Outward Na™t and inward H fluxes
PiC Inward P; transfer

PTP Opening by ROS, Ca’>t

Its signaling is compartmentalized. It activates soluble guanylate cyclase that
produces cGMP, which stimulates protein kinase-G and cGMP-regulated phospho-
diesterases. However, it operates via cGMP-independent pathways.

In cardiac endothelial cells and myocytes, nitric oxide synthase isoforms (NOS1-
NOS3) are confined to distinct sites. Inducible NOS2 transiently lodges in the
cytosol during abnormal conditions.

Isoform NOSI1 resides in the sarcoplasmic reticulum membrane close to
ryanodine-sensitive Ca>T carriers. Synthesized NO promotes RyR opening (positive
inotropy).

Subtype NOS3 localizes to the plasma membrane, more precisely to caveolae
(with caveolin-3, B-adrenoceptors, and Cay 1.2), including T tubules, close to diads.

Mitochondrial NOS (*mtNOS), mostly NOS1 (but also NOS3 and ephemerally
NOS2), is situated in the inner mitochondrial membrane, like angiotensin-2 AT,
receptor, close to the electron transport chain.

Activity of “mtNOS is regulated by Ca?>*, H, O,, and “arginine, as well as
the mitochondrial transmembrane potential and mitochondrial metabolic state [51].
Extramitochondrial free Mg?", a mitochondrial Ca?* uniporter blocker, precludes
NO production. On the other hand, elevated levels of extramitochondrial Ca’*
stimulate “mtNOS activity

In mitochondria, at normal nanomolar concentrations, NO targets heme irons,
0257, and thiols, that is, at the macromolecular scale, mostly the electron transport
chain (ETC) and permeability transition pore (PTP). It has a high affinity for
cytochrome-C oxidase (ETCcomplex-IV), reversibly preventing its activity [51].
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In addition, it reacts with ubiquinol-cytochrome-BC; complex (ETCcomplex-III),
thereby inhibiting electron transfer and enhancing production of superoxide anion.
Nitric oxide also causes Snitrosylation of NADH dehydrogenase (E"Ccomplex-I),
hence its inhibition. Therefore, NO diminishes production of mitochondrial energy,
but supports that of reactive oxygen species.

In the mitochondrial matrix, manganese superoxide dismutase forms uncharged
hydrogen peroxide (H,0,). Nitric oxide also reacts with superoxide formed by the
mitochondrial electron transport chain at a rate constant of about 2 x 10'%/mol/s to
create peroxynitrite (ONOO™) [51].

3.1.7.4 Mitochondrial Electron Transport Chain or Respiratory Chain

The electron transport chain, or respiratory chain, couples electron transfer between
an electron donor such as NADH and an electron acceptor such as O, with the
transfer of H ions (or protons) across a membrane. The resulting electrochemical
proton gradient is used to generate chemical energy in the form of adenosine
triphosphate (ATP). In mitochondria, the conversion of oxygen to water, NADH
to NAD™, and succinate to fumarate is required to generate the proton gradient.

The electron transport chain is a set of mitochondrial enzymes and redox carriers
that ferry reducing equivalents (i.e., a set of chemical species that transfer the
equivalent of one electron in redox reactions, from substrates to oxygen). In the
heart under normal conditions, a major source of reducing equivalents is fatty acid
oxidation.

The electron transport chain consists of a spatially separated series of redox
reactions. The underlying force driving these reactions is the Gibbs free energy of
reactants and products.

3.1.7.5 Oxidation-Reduction Potential

Oxidation—reduction potential, or redox potential, yields a measure of oxidizing or
reducing power. It actually measures the tendency of a chemical species to acquire
electrons, thereby being reduced. Reduction potential is measured in volts (V).
Oxidizing agents such as molecular oxygen have positve redox potentials; reduc-
ing agents have negative redox potentials. Electrons move spontaneously toward
compounds with the more positive redox potentials. The effective redox potential
depends on the proportion of oxidized and reduced forms (Nernst equation):

E=Ey+

R,T [oxidized form]
In , (3.2)

F [reduced form]

where E) is the standard reduction potential measured with 50% oxidized and 50%
reduced form (equimolar level of each contributor) for the compound of interest
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(a partial pressure of 1atm for each gas component of the reaction), at 25°C,
R, the universal gas constant (~8.31J/K/mol), T the absolute temperature, z the
number of moles of transferred electrons in the reaction, and F the Faraday constant
(~96,485 C/mol). The NADPH-NADP couple is a much better reducing agent than
the NADH—NAD pair, although their redox potentials are identical.

Similarly, the Henderson—Hasselbach equation relates the pH of a buffer solution
to the ionization constant for the buffer and the fraction of protonated and
nonprotonated forms:

(3.3)

[deprotonated form)]
pH = pKa + log )

[protonated form]

where pK, that reflects the intrinsic affinity of the buffer for protons is the base-
10 logarithm of the association constant (K, = [BH]/([B~] x [H]); B: base,
buffer).

The Nernst equation in biology also relates the membrane potential (A¥) to
concentrations (internal [¢;] and external [c.]) of a diffusible ion in equilibrium with
the potential on each side of the membrane:

AW = %m(g—;) —2.303 Iz;T log(s—;). (3.4)

The Gibbs free energy (AG) measures the work for a chemical reaction. It reflects
the displacement from equilibrium (AG = 0).

When an oxidizing reagent interacts with a reducing agent, the difference
between their respective redox potentials is related to the Gibbs free energy using
the following reaction,

AG = —zFAE, (3.5)

where AG and AE are measured in joules and volts, respectively.

3.1.7.6 Mitochondrial Redox Carriers

Electron carriers associated with the respiratory chain are arranged in the approxi-
mate order of their redox potentials: the best reducing agents couple at the substrate
end and the best oxidizing molecule at the oxygen end. Along the chain, the
difference in redox potential between adjacent carriers provides the driving force
to pump protons out of the matrix space and into the cytosol.

Energy obtained via electron transfer is used to pump protons from the mito-
chondrial matrix into the intermembrane space, creating an electrochemical proton
gradient across the mitochondrial inner membrane. The latter allows ATP synthase
to use HY flux through it back into the matrix to generate ATP from ADP and
inorganic phosphate.
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Table 3.22 Molecular complexes and components of the mitochondrial electron transport chain.
Mitochondrial oxidative phosphorylation relies on the transfer of electrons through multimeric
complexes to produce ATP (ETCcomplex-I-ETCcomplex-V; NAD [NAD™]: nicotinamide adenine
dinucleotide coenzyme [oxidizing agent, i.e., electron acceptor that then becomes reduced on
receiving electron]; NADH: reducing agent, or electron donor; NADP [NADP+]: nicotinamide
adenine dinucleotide phosphate; NADPH: reduced form of NADPY). Despite their equivalent
redox potentials, cells maintain the mitochondrial NADPH-NADP couple about 500 times more
reduced than the mitochondrial NADH-NAD pair. In other words, the NADPH-NADP pair is
nearly entirely (~100%) in the reduced form, whereas the NADH-NAD couple exists partly
(<1/3) in the reduced form. In general, substrates of enzymes that react with NADP are often
better reducing agents than those of enzymes that react with NAD cofactor. Most dehydrogenases
are specific for either NAD or NADP. A pyridine nucleotide transhydrogenase catalyzes the
chemical reaction: NADPH + NADT = NADPT + NADH. Energy-linked transhydrogenase
catalyzes the reversible transfer of reducing equivalents between the mitochondrial NADPH-
NADP and NADH-NAD pool with simultaneous pumping of 2 protons and 2 charges across the
inner mitochondrial membrane

Respiratory chain components Location Role
NADPH-NADP pair Matrix Mobile carrier
NADH-NAD pair Matrix Mobile carrier
Transhydrogenase Membrane Proton pump
NADH dehydrogenase (I) Membrane Proton pump
Succinate dehydrogenase (II) Membrane

Ubiquinol-ubiquinone pair Membrane Mobile carrier
ubiquinol-cytochrome-c reductase (I1I) Membrane Proton pump
Cytochrome-C (IV) Intermembrane space Mobile carrier
Cytochrome-C oxidase (IV) Membrane Proton pump
FyoF, ATPase Membrane ATP synthase

Four molecular complexes contain the principal electron transport chain carriers,
mitochondrial ET¢complex-I to -IV, which have one segment into the mitochondrial
matrix and another into the intermembrane space (Table 3.22).

ETCComplex I, or NADH coenzyme-Q reductase, accepts 2 electrons from
electron carrier nicotinamide adenine dinucleotide (NADH) and transfers it to the
lipid-soluble carrier coenzyme-Q, or ubiquinone. The reduced product, ubiquinol,
freely diffuses within the membrane. ET¢Complex I translocates 4 H* from the
mitochondrial matrix to the intermembrane space across the inner membrane.
ETCComplex-I contains 46 subunits.

Ubiquinone also receives electrons from ET“complex II, or succinate dehydroge-
nase. ET¢Complex-II and enzymes of the electron transfer flavoprotein system share
ubiquinone as the final electron acceptor in the inner mitochondrial membrane.
ETCComplex-1II is anchored to the membrane and oxidizes succinate to fumarate.
The electron transfer flavoprotein system is composed of the heterodimeric soluble
electron transfer flavoprotein that shuttles electrons from dehydrogenases to the
membrane-associated electron transfer flavoprotein: ubiquinone oxidoreductase.

Ubiquinone passes electrons to ETCcomplex III, or cytochrome-BC;, a dimer
formed by 11 different subunits per monomer. Cytochrome-BC; sends 2 electrons
to the hydrosoluble electron carrier cytochrome-C in the intermembrane space.

TC
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Cytochrome-C transmits electrons to ETCcomplex IV, or cytochrome-C oxidase.

The latter uses the electrons and hydrogen ions to reduce molecular oxygen to water.
Four electrons are removed from 4 molecules of cytochrome-C and transferred to
molecular oxygen, hence producing 2 molecules of water. Simultaneously, 4 HT are
translocated across the membrane, contributing to the proton gradient.

Three HT pumps include mitochondrial E"¢complex-I, -III, and -IV. Mitochon-
drial E™Ccomplex-IIT uses the Q cycle, a sequential oxidation and reduction of
the lipophilic electron carrier, ubiquinol-ubiquinone pair. Oxidation of ubiquinol
(reduced coenzyme-Q) to ubiquinone (oxidized coenzyme-Q) leads to the transfer of
4 protons into the intermembrane space across the inner mitochondrial membrane.
Therefore, except succinate dehydrogenase (E'“complex-II), all other complexes
of the electron transport chain in the inner mitochondrial membrane pump protons
from the matrix space as they transfer reducing equivalents, either hydrogen atoms
or electrons, from one carrier to the next.

3.1.7.7 Oxidative Phosphorylation and ATP Synthesis

Oxidative phosphorylation refers to ADP phosphorylation to ATP using the energy
of hydrogen oxidation carried out in many steps. The electron transport chain and
oxidative phosphorylation are indeed coupled by the proton gradient across the
inner mitochondrial membrane. Free energy available from substrate oxidation is
employed for ATP synthesis.

The FoF; ATP synthase consists of at least 12 different subunits, several of
which are present in multiple copies. The F; head group of ATP synthase contains
3 nucleotide-binding sites. The Fy base is embedded in the inner mitochondrial
membrane. The Fy component acts as an ion channel that enables H' flux back
into the mitochondrial matrix. This reflux releases free energy produced during the
generation of the oxidized forms of the electron carriers NAD™ and ubiquinone.
The free energy is used for ATP synthesis catalyzed by the F; component of ATP
synthase.

Synthesis of ATP that requires energy (7.3 kcal/mole) occurs not only in mito-
chondria by cellular respiration, but also in the cytosol by glycolysis:

ADP+P; — ATP+ H,O, (3.6)
where P; is inorganic phosphate (free phosphate ions H,PO, and HPO?™). The total

number of ATP obtained after complete oxidation of one glucose by glycolysis,
citric acid cycle, and oxidative phosphorylation is estimated to be about 30 [54].
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3.1.7.8 Post-Translational Modifications of Mitochondrial Proteins

Post-translational modifications, such as acetylation, glutathionylation, nitration,
Snitrosylation, and phosphorylation, are implicated in the regulation of mito-
chondrial metabolism. Unlike signaling mediators, such as kinases, acetylases,
deacetylases, phosphatases, and ion channels, for which the modification of a small
fraction can influence signaling, a significant fraction of target proteins must be
modified to have an impact on the metabolic rate [55].

Mitochondrial matrix proteins involved in energy metabolism include membrane
transporters, intermediary metabolism enzymes, and complexes of oxidative phos-
phorylation.

Mitochondrial protein kinases of the intermembrane space include PInK, PKA,
PKCS$, and Src [55]. Protein phosphatases also lodge in mitochondria, such as Ca®*-
sensitive pyruvate dehydrogenase phosphatase PDHP1, the major isoform in the
heart, branched-chain ketoacid dehydrogenase (BCKDH) phosphatase, and PPM 1k.
Other phosphatases localize to the outer membrane or intermembrane space, such
as DuSP18, PTPnl1, and PHLPP1 of the PPM1 family [55].

Phosphorylation of Inner Membrane Carriers

Protein phosphorylation is a classical regulatory mechanism. In the cardiac mito-
chondrial matrix and respiratory complexes, it controls mitochondrial oxidative
phosphorylation, hence energy metabolism. Phosphorylation of enzymes, such as
mitochondrial pyruvate dehydrogenase and glycogen phosphorylase,>’ modulates
enzyme translocation and activity to match energetic needs imposed by cardiac
workload.

Numerous protein Ser/Thr kinases, such as PKA, PKB, PKC, and JNK, localize
in mitochondria. They are implicated in the regulation of metabolism or apoptosis,
as they target matrix and inner and outer membrane components, such as ATP
synthase, porin, BCL2 antagonist of cell death (BAD), and BCL2-associated
X protein (BAX).

The respiratory chain creates both a pH differential and a voltage gradient across
the inner mitochondrial membrane. Proteic carriers control fluxes of materials
across the membrane (Table 3.23). The majority of inner membrane carriers are
antiporters that exchange one molecule for another. Symporters carry 2 molecules
in the same direction. Electrogenic uniporters ferry charged ions such as Ca®* ion.

37Pyruvate dehydrogenase enables entry from glycolysis to oxidative phosphorylation. Glycogen
processing by glycogen phosphorylase is the early metabolic response to cardiac work change.
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Table 3.23 Examples of transmembrane tranfer of molecules (Source: [56]). In neutral solution,
ATP is ionized mostly as ATP*~ with a small proportion of ATP3~ ion

Substance

Mechanism

Phosphate

Dicarboxylate

Tricarboxylate
Oxoglutarate

Adenine nucleotides

Glutamate

Aspartate

Calcium

Calcium—sodium
Sodium—proton

Electroneutral exchange of H,PO, for OH™ (phosphate—hydroxyl
carrier)

Electroneutral exchange of malate?™ for succinate?™ or H,PO}

(malate—phosphate carrier)

(SLC25a10: mitochondrial dicarboxylate transporter)

Electroneutral exchange of citrate>~ and H for malate?~
(SLC25al: mitochondrial citrate transporter)

Electroneutral exchange of malate?>~ for oxoglutarate®~
(SLC25al1: mitochondrial oxoglutarate—malate carrier)

Electrogenic ATP*~—ADP>~ exchange (adenine nucleotide
[ATP-ADP] translocase [antiporter])

Electrogenic exchange of ADP>~ for ATP3~

Exchange of ATP*~ for ATP3~

Electroneutral exchange of glutamate™ for OH™
(glutamate—hydroxyl antiporter)

Electrogenic exchange of glutamate™ and H™ for aspartate™

(SLC25a12: mitochondrial aspartate—glutamate carrier-1)

(SLC25al3: mitochondrial aspartate—glutamate carrier-2)

(SLC25a18: mitochondrial glutamate-H™t symporter)

(SLC25a22: mitochondrial aspartate—H+ symporter-1)

Electrogenic uniport for Ca2t

Electroneutral exchange of Ca®>* for 2HT

Electroneutral exchange of Ca>t for 2Nat

Electroneutral exchange of Na® for H (Nat—H antiporter)

The mitochondrial ATPME—P; carrier modulates the matrix adenine nucleotide
pool (ATP, ADP, and AMP).?® It is the single carrier regulated by Ca** ion. This
carrier is present in renal and hepatic mitochondria, but not in the heart [53].

Communication between the mitochondrion and cytosol across the outer
and high-resistance inner mitochondrial membrane relies on numerous trans-
porters. Cytosolic ADP is exchanged with matrix ATP generated by oxidative

38 Adenine nucleotide transport occurs as an electroneutral divalent exchange of MEATP?>~ for
HPO2™~ anion. In biology, phosphorus is found as a free phosphate ion in solution and is called
inorganic phosphate (generally denoted P;j) to distinguish it from phosphates bound in various
phosphate compounds, especially adenosine phosphates (AMP, ADP, and ATP). In a dilute aqueous
solution, phosphate exists in 4 forms. The phosphate ion (PO3™) is the conjugate base of the
hydrogen phosphate divalent ion (HPO3™) that is the conjugate base of the dihydrogen phosphate
monovalent ion (H,PO; ), which in turn is the conjugate base of phosphoric acid (H3POy).
In humans, Ht- and Nat -dependent renal type-2a sodium—phosphate cotransporter also has a
preferential affinity for the inorganic phosphate species HPO?™~ [52].
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Table 3.24 Members of the

mitochondrial adenine Subtypes Other aliases
nucleotide translocator ANT1 SLC25a4
family, or solute carrier set ANT?2 SLC25a5
SLC25A ANT3 SLC25a6
ANT4 SLC25a31

phosphorylation using adenine nucleotide (ADP-ATP)*° translocase (ANTI1-
ANT3; Table 3.24). Phosphorylation by intermembrane space Src kinases is
required for maximal translocase function [55].

Voltage-dependent anion channel, or mitochondrial porin, permits metabolite
exchange across the outer mitochondrial membrane. It can be controlled by
cytosolic kinases (GSK3p, PKA, and NEK1) and phosphatases [55].

Translocases of the outer membrane (TOM) and of the inner membrane (TIM)
are also phosphorylated, hence leading to activation and inhibition. The former
regulates exchange of proteins between the cytosol and mitochondrial intermem-
brane space. Many other carriers exist (Table 3.25).

Phosphorylation of Enzymes and Complexes of Electron Transport Chain

Acetyl groups are produced in the mitochondria by pyruvate dehydrogenase and are
transported to the cytoplasm. Citrate synthase converts acetylCoA and oxaloacetate
to citrate. Citrate exits the mitochondria using the citrate—malate antiporter to be
used for fatty acid synthesis. In the cytoplasm, citrate is cleaved to regenerate
acetylCoA and oxaloacetate. Cytosolic oxaloacetate is reduced to malate by NADH
from glycolysis; malate is supplied to citrate—malate antiporter. In the cytosol,
malate is converted to oxaloacetate for gluconeogenesis. Succinate can target
mitochondrial E™¢complex II (succinate dehydrogenase); additional electrons are
delivered into the quinone pool originating from succinate and transferred via FAD
to ubiquinone.

In addition, NADH generated in the citric acid cycle may donate its electrons
in oxidative phosphorylation, hence for ATP synthesis. Moreover, reduced form of
flavin adenine dinucleotide (FADH,) is covalently attached to succinate dehydroge-
nase, an enzyme functioning both in the citric acid cycle and mitochondrial electron
transport chain.

The phosphorylation state of pyruvate dehydrogenase (PDH) depends on the
balance between PDH kinase (PDHK) and phosphatase (PDHP). Another enzyme,

3 Electrogenic ATP*~—ADP3~ exchange. The charge imbalance associated with the adenine
nucleotide carrier leads to a large difference in the ATP/ADP ratio between the mitochondrial
matrix space and cytosol. The transport of ATP, ADP, and phosphate across the inner mitochondrial
membrane costs additional energy (about 1/3 of the minimum required for ATP synthesis within
the mitochondrial matrix) supplied by the respiratory chain.
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Table 3.25 Other members of the SLC25A set, each encoded by a gene of the human genome

Member Name

SLC25a2 Mitochondrial ornithine transporter

SLC25a3 Mitochondrial phosphate carrier

SLC25a7 Mitochondrial uncoupling protein UCP1

SLC25a8 Mitochondrial uncoupling protein UCP2

SLC25a9 Mitochondrial uncoupling protein UCP3

SLC25al4 Mitochondrial uncoupling protein UCP5

SLC25al5 Mitochondrial ornithine transporter

SLC25al6 Mitochondrial carrier

SLC25al7 Mitochondrial carrier; peroxisomal membrane protein

SLC25al9 Mitochondrial thiamine pyrophosphate carrier

SLC25a20 Mitochondrial carnitine-acylcarnitine translocase

SLC25a21 Mitochondrial 2-oxodicarboxylate carrier

SLC25a23 Mitochondrial calcium-binding phosphate carrier (ATPMe—P;; SCaMC3)
SLC25a24 Mitochondrial calcium-binding phosphate carrier (ATPME—P;; SCaMC1)
SLC25a25 Mitochondrial calcium-binding phosphate carrier (ATPMe—P;; SCaMC2)
SLC25a26 Mitochondrial Sadenosylmethionine transporter

SLC25a27 Mitochondrial uncoupling protein UCP4

SLC25a28 Mitochondrial iron transporter-2, mitoferrin-2 (MFrn2)

SLC25a29 Mitochondrial carnitine-acylcarnitine carrier

SLC25a30 Kidney mitochondrial carrier protein-1

SLC25a32 Mitochondrial folate transporter

SLC25a33 Mitochondrial carrier

SLC25a34 Mitochondrial carrier

SLC25a35 Mitochondrial carrier

SLC25a36 Mitochondrial carrier

SLC25a37 Mitochondrial iron transporter-1, mitoferrin-1 (MFrn1)

SLC25a38 Mitochondrial carrier

SLC25a39 Mitochondrial carrier

SLC25a40 Mitochondrial carrier (various metabolic intermediates)

branched chain a-ketoacid dehydrogenase (BCKDH), is involved in the metab-
olism of 3 essential amino acids: isoleucine, leucine, and valine. It is targeted
by BCKDH kinase and phosphatase. In addition, most of the enzymes of the
citric acid cycle (succinylCoA ligase, citrate synthase, isocitrate dehydrogenase,
mitochondrial malate dehydrogenase, fumarate hydratase, and aconitate hydratase)
can be phosphorylated. However, phosphorylations of these enzymes may fail to
modify their activity [55].

Whereas pyruvate dehydrogenase regulates the entry of reducing equivalents
from glycolysis, carnitine palmitoyltransferase is involved in an another source of
reducing equivalents, fatty acid oxidation. In the outer mitochondrial membrane,
carnitine palmitoyltransferase CPT1, the muscle isoform of which is predominant
in the heart, can be phosphorylated. Its sensitivity to malonylCoA changes, but not
its catalytic activity [55]. AcylCoA dehydrogenases catalyze the initial step in each
cycle of fatty acid oxidation in mitochondria.
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Phosphorylation regulates the cytochrome chain. Both PKA and PKCe may
target ETCcomplex-IV in particular [55].

Dephosphorylation

Protein phosphatases PP1 and PP2 localize to mitochondria. Ungrouped mitochon-
drial protein Tyr phosphatase PTPMtl lodges specifically in the mitochondrial
matrix; it acts in both ATP production and insulin secretion.

Phosphatase PPM 1Kk is a soluble resident of the mitochondrial matrix that belongs
to the PP1M family of Mg?*- or Mn?*-dependent protein Ser/Thr phosphatases.
These members (at least 17) are monomeric with 2 structural domains: a common
N-terminal catalytic domain and a variable C-terminal region among isoforms.
Subtype PPM1k participates in the control of cell survival and mitochondrial
permeability transition pore opening, but does not contribute to mitochondrial
oxidative phosphorylation and respiratory chain activity [57].

Mitochondrial Protein Tyrosine Nitration

Mitochondria support formation of reactive oxygen and nitrogen species.
Mitochondrial-derived, short-lived reactive species either contribute to signaling
or cause mitochondrial dysfunction via oxidation according to their concentrations.
Among oxidative modifications in mitochondria, peroxynitrite and other nitrating
species enable the nitration of tyrosine into 3-nitrotyrosine, a post-translational
oxidative modification that can alter protein structure and function [58].

Mechanisms of Protein Nitration in Mitochondria

Tyrosine nitration is achieved by a 2-step process: (1) oxidation of tyrosine to
yield tyrosyl radical by 1-electron oxidants and (2) addition of nitric oxide (NO*)
or dioxide NO3 to tyrosine. Oxidants include carbonate radical (CO3™), hydroxyl
radical (*OH), nitrogen dioxide (*NO,), and compound-1-like peroxidases.

Heme-containing peroxidases can oxidize diverse substrates by reacting with
hydrogen peroxide (H,O,) as electron acceptor. Most peroxidase substrates are
small aromatic molecules. However, cytochrome-C peroxidase in the mitochondrial
electron transport chain that has cytochrome-C as its redox partner is an exception.
The catalytic cycle of heme peroxidases is composed of several stages. In a first
step, the resting ferric state (Fe3") is converted to an oxyferryl state (Fe*™ = O)
with a simultaneous formation of a radical ([Fe*t = O]-R)), or compound 1. One
oxidizing equivalent resides on iron, giving the oxyferryl intermediate, whereas in
many peroxidases the porphyrin (R) is oxidized to the porphyrin -cation radical
(R}). Compound-1 then oxidizes an organic substrate to give compound-2 ([Fe*t =
O]-R5) and a substrate radical:
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Fe’™ + H,0, = [Fe*t = OJR, + H,0;
Fe*t = OR, + substrate — [Fe4Jr = O]R; + oxidized substrate;

Fe** = OR, + substrate — Fe** + H,0 + oxidized substrate;

The oxyferryl intermediate in cytochrome-C peroxidase is referred to as com-
pound ES. In cytochrome-C peroxidase, the radical center is Trp191 connected
to the heme via the hydrogen-bonded His—Asp-Trp triad, which is relatively easy
to oxidize [59]. However, Trp191 residue is dispensable for the electron-transfer
pathway, as alternative pathways exist.

Lipid peroxidation refers to the oxidative degradation of lipids. Free radicals that
accept electrons from lipids of cell membranes can cause cell damage. Free radical
chain reaction most often targets polyunsaturated fatty acids, because they contain
multiple double bonds. In membranes, lipid peroxyl radicals (LOO®) can result
from the peroxidation of polyunsaturated fatty acids by lipoxygenase. Antioxidants
protect polyunsaturated fatty acids from peroxidation, as they scavenge peroxyl
radicals. Vitamin-E phenoxyl radicals arise from scavenging peroxyl radicals.

Peroxynitrite anion (ONOO™) and its conjugate acid (ONOOH), collectively
termed peroxynitrite, are the main nitrating agents in mitochondria. Peroxynitrite
anion is formed by the diffusion-controlled reaction of NO*® with O3~. Mitochon-
drial respiration is a major source of O3~ formation, mainly by ETCcomplex-I
and -111, as 0.2 to 2% of oxygen consumed is converted to O3~ in normal conditions.
Produced 05_ is released mostly into the matrix, but also into the intermembrane
space.

Nitric oxide synthesized by a mitochondrial NOS competes with oxygen inter-
acting with the Cu™—Fe?* center of cytochrome-C oxidase, thereby modulating
oxygen consumption and ATP and O3~ creation. Increased O3~ concentrations shift
the reactivity of NO® toward O3, the reaction kinetics becoming relevant.

Proton-catalyzed homolysis of peroxynitrite leads to OH® and NO3. When the
concentration of CO; is high (~1.4 mmol), free radicals from peroxynitrite* arise
after the formation of the nitrosoperoxocarboxylate adduct*! (ONOOCO;), which
undergoes homolysis** to form a pair of radicals, carbonate radical (COj~) and
nitrogen dioxide (NO3). Most often, these 2 radicals recombine to form carbon

40T e., ONOO™ reacts nucleophilically with carbon dioxide. In vivo, the concentration of CO,
is about 1 mmol; its reaction with ONOO™ occurs quickly to form nitrosoperoxycarbonate
(ONOOCO3).

41 An adduct (Latin adductus: strict) is a product of a direct addition of at least 2 distinct molecules
forming a single reaction product that contains all atoms of all components.

“Dissociation of a molecule generating 2 free radicals.
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dioxide and nitrate. Nonetheless, they sometimes escape the solvent cage*® and
become free radicals, hence causing peroxynitrite-related cellular damage.

Nitrotyrosine can also result from peroxidase-catalyzed oxidation (e.g.,
myeloperoxidase or eosynophil peroxidases) of nitrite (NO;) and tyrosine by
hydrogen peroxide (H,0,).** Peroxidase compound 1 can also oxidize free or
protein-bound Tyr to tyrosine.

Mitochondrial cytochrome-C promotes H,O;,-mediated oxidation of different
substrates. Peroxidase activity associated with cytochrome-C is enhanced by nitra-
tion of its own Tyr and by its interaction with cardiolipin, an abundant phospholipid
of the inner mitochondrial membrane. Catalase peroxidase can also cause tyrosine
nitration.

Effects of Protein Nitration

Protein tyrosine nitration does not necessarily have an effect on the function of target
proteins. Nitration of mitochondrial aconitase does not affect its catalytic activity.
Nonetheless, in many cases the nitration of some Tyr residues alters the structure
and function (mostly inhibition) of mitochondrial targets of nitrating species. In
particular, M"SOD superoxide dismutase is inactivated by Tyr34 nitration [58].
On the other hand, nitrated mitochondrial cytochrome-C loses both its ability to
transport electrons by the respiratory chain and to activate the apoptosome, but gains
an augmented peroxidase activity upon Tyr74 or Tyr97 nitration.

Protein nitration can influence the protein turnover. Although polymerization of
nitrated proteins limits proteasomal degradation, protein nitration can accelerate
proteolysis. Protein nitration may also alter signaling. Protein nitration is reestab-
lished during the reoxygenation.

Modulation of Protein Tyr Nitration

Mitochondrial antioxidant enzymes such as M"SOD protect and support cell sur-
vival. Mitochondria also possess peroxiredoxin-3, which is restricted to mitochon-
dria, and -5, which also lodges in peroxisomes; they catalyze peroxynitrite reduction
to NO, molecule [58].

“3In chemistry, the cage effect describes influence of its surroundings on properties of a molecule.
In a solvent, a molecule is often supposed existing in a cage of solvent molecules, the so-called
solvent cage. Reactions occur when a molecule occasionally exits and meets another molecule.

4Hydrogen peroxide carries out a 2-electron oxidation of heme-peroxidase produced compound-1
(obtained by monovalent reaction from NO3 into NO3) and compound 2 (result of another NO3
molecule forming a second molecule of NO3). Nitrogen dioxide can promote nitration of free
and protein tyrosine, performing Tyr oxidation to tyrosine, followed by the addition of a second
NO3 molecule [58]. However, nitrogen dioxide alone is an inefficient nitrating catalyst, as 2 NO3
molecules are needed to nitrate one tyrosine and because NO3-mediated oxidation of tyrosine is
slow w.r.t. oxidation of thiols.
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Glutathione (concentration in the millimolar range in mitochondrial matrix) is a
peroxynitrite scavenger, but, as the reaction rate constant is quite low, alone it is not
a major detoxifier of nitrating species. Nevertheless, glutathione is a major recycler
of thiols in proteins, thereby protecting Tyr from nitration.

Glutathionylation

Many proteins contain free thiols that can undergo a reversible Sthiolation, that
is, the formation of mixed disulfides with low-molecular-weight thiols mainly via
the interaction of protein thiols with glutathione. Protein glutathionylation enables
defense against oxidative damage, in addition to redox state-associated signaling.
As mitochondria are major contributors of redox state and oxidative damage,
glutathionylation of mitochondrial proteins has an important impact [60].

SNitrosylation

Nitric oxide is an important messenger of cardioprotection. It not only activates
guanylate cyclase, but also signals by post-translational modification of protein thiol
groups (Snitrosylation or Snitrosation, i.e., covalent attachment of an NO group to
protein thiols). SNitrosylation refers to the addition of NO without a change in the
formal charge of the substrate; Snitrosation is defined as the formation of a covalent
bond between a nitrosonium equivalent (NO™) and a nucleophilic amine.

Reversible Snitrosylation allows regulation of cell apoptosis, modulation of
G-protein coupled receptor signaling, mediates excitation—contraction coupling, and
ensures cardioprotection [61]. SNitrosylation occurs upon stimulation that initiates
NOS activation. SNitrosylated proteins can specifically bind to other proteins and
by transnitrosylation can Snitrosylate other proteins.

Role of SNitrosylation

Reversible Snitrosylation influences the structure and activity of proteins
(Tables 3.26 to 3.28). This post-translational modification is very labile, thereby
causing transient affects. It protects from irreversible oxidation by shielding thiol
groups.

Cardioprotection is ensured by NOS that converts substrates oxygen and arginine
into NO and citrulline with cofactor tetrahydropterin (BH4). The latter has decayed
concentration with aging. Uncoupled NOS, which occurs more frequently with
aging or during some diseases, generates superoxide. SGlutathionylation uncouples
NOS3 enzyme [61].

Numerous mitochondrial proteins undergo Snitrosylation, especially during pre-
conditioning (~52% Snitrosylated proteins) [61]. SNitrosylation targets selective
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Table 3.26 Effect of
Snitrosylation on protein
structure and function of
some proteins of interest in
the cardiovascular apparatus.
(Part 1) Ion carriers

(Source: [61])

Protein

Effect of Snitrosylation

Connexin-43

Ky7.1 Activation

Cayl.2 Inhibition or activation according to
NO level and redox state

NCX1 Stimulation

RyR1/2 Increase in open probability

SERCA Increased activity

TRP Activation

Increase in open probability

Table 3.27 Effect of Snitrosylation on protein structure and
function of some proteins of interest in the cardiovascular appa-
ratus. (Part 2) Signaling effectors that intervene in cell fate for
which mitochondria play a role (Source: [61]; GRK: G-protein-
coupled receptor kinase). Caspase-3 (Casp3: cysteine-aspartic
acid peptidase-3), an effector caspase for apoptosis is activated by
extrinsic (death ligand) and intrinsic (mitochondrial) pathways.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) catalyzes
step 6 of glycolysis and can initiate apoptosis [62] and control
transcription of the histone gene [63]. Transglutaminases form
cross-linked, generally insoluble proteic polymers that can create
barriers and stable structures. Extracellular tissue transglutami-
nase TG2, rather than intracellular TG2, is enzymatically active.
Nitric oxide promotes TG2 externalization [64]. Multifunctional,
Ca’*t-dependent TG2 mediates cell death. However, nuclear

localization of TG2 generally protects against cell death [65]

Protein Effect of Snitrosylation
B-Arrestin Promotion of binding to clathrin and
receptor internalization
Caspase-3 Inhibition
COx2 Increased activity
Creatine kinase Inhibition
GAPDH Inhibition
Increased binding to Seven in absentia
(Ub ligase)
Increased nuclear localization and
degradation of nuclear proteins
GRK2 Decreased phosphorylation of
B-adrenoceptors
HIF1 Stabilization
HSP90 Inhibition of ATPase activity
Myosin Inhibition
NFk B Inhibition
NOS3 Inhibition
PTen Ubiquitination and degradation
PTPnl Inhibition
Transglutaminase Inhibition
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Table 3.28 Effect of Snitrosylation on protein structure and
function of some proteins of interest in the cardiovascular appara-
tus. (Part 3) Mitochondrial constituents (Source: [61]; ALDH?2:
mitochondrial aldehyde dehydrogenase-2). Parkin encoded by
the PARK2 gene, mutations of which cause a form of auto-
somal recessive juvenile Parkinson disease, is a component of
an ubiquitin ligase. Together with PTen-induced putative kinase
PInK1 is involved in the protection of mitochondrial structure
and function. Kinase PInK1 regulates the localization of Parkin
to the mitochondria [66]. Thioredoxin that resides in cytoplasm
and mitochondria contributes to the defense mechanism with
thioredoxin reductase against oxidative stress in mitochondria,
where reactive oxygen species are primarily produced. Muta-
tions in the PARK7 gene cause recessively inherited Parkinson
disease. Multifunctional Park7 has antioxidant and transcription
modulatory activity [67]. Upon oxidant challenge, cytoprotector
translocates to mitochondria. Dynamin-related protein DRPI,
a mitochondrial fission protein that localizes to mitochondria,
contributes to mitochondrial division [68]

Protein Effect of Snitrosylation
Aconitase Inhibition

ALDH2 Inhibition

ETCComplex-I Inhibition

ETCComplex-TV Inhibition

DRP1 Activation of GTPase activity,

increased mitochondrial fission,
decreased mitochondrial fusion

F,ATPase Inhibition

Park7 Impairment of protein dimerization

Parkin Initial increase then repression of
ubiquitin ligase

PKB Inhibition

Thioredoxin Increased reductase activity

Increase transnitrosylase activity

cysteine residues of specific mitochondrial proteins. Scaffold proteins facilitate
interaction of NOS and proteins. Transnitrosylation also assists Snitrosylation of
selected proteins by binding of proteinsSN©.

3.1.7.9 Mitochondrial Dysfunction

Mitochondrial damage and/or dysfunction occurs during aging and in calcium dys-
regulation and impaired oxidative phosphorylation with increased ROS generation,
as well as atherosclerosis. Altered mitochondrial dynamics is a cause of mitochon-
drial dysfunction.

Mitochondrial dysfunction can also result from DNA damage. Unlike nuclear
DNA, mitochondria lack protection ensured by histones and is closer to generators
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of free radicals. Basic DNA repair, such as mitochondrial base excision repair,
removes smaller adducts incorporated by alkylation, deamination, or oxidation.
Smoking can induce DNA damage and impede DNA repair [48].

Mitochondrial deletion occurs at sites of misrepaired mitochondrial DNA dam-
age. Exposure to ROS increases mtDNA oxidative lesions and reduces mitochon-
drial protein concentrations and ATP production. Mitochondrial DNA damage
precedes atherogenesis and is exacerbated by impaired antioxidant activity [48].

Defective oxidative phosphorylation, altered electron transport chain, especially
ETCcomplex-I and its associated cardiolipin in the inner mitochondrial membrane,
increase ROS production, hence creating DNA damage and oxidation of mitochon-
drial lipids and proteins, in particular adenine nucleotide translocase.

Calcium dysregulation affects several Ca®"-sensitive mitochondrial enzymes,
such as pyruvate, oxoglutarate, and sodium isocitrate dehydrogenases, thereby
reducing substrate provision for oxidative phosphorylation, thereby promoting
apoptosis. On the other hand, reduced mitochondrial ATP generation can disrupt
cellular Ca®>* ATPase activity.

3.1.7.10 Extramitochondrial Carbonic Anhydrase

Carbon dioxide is produced abundantly in cardiac mitochondria by the tricarboxylic
acid cycle as well as pyruvate dehydrogenase (~3 mmol CO,/l/mn at rest for a
myocardial O, consumption of 0.1 ml/mn/g) [69]. The production of CO, fluctuates
according to the mitochondrial activity regulated by Ca?" transients and the
redox state.

Carbon dioxide exit from the mitochondrial matrix to the cytosol and then the
extracellular space, crossing inner and outer mitochondrial membranes and then sar-
colemma. Molecular hindrance restricts moderately CO, diffusion. Mitochondrial
membranes are significantly more permeable to CO, gas than H and HCOJ ions,
particularly when they are enriched with gas channels (Vol. 3 — Chap. 4. Membrane
Compound Carriers).

Carbonic anhydrase (CA) lodges in various sites in the cell. The 13 members
of the CA family are categorized into cytosolic (CA1-CA3, CA7, and CA13),
mitochondrial (CAS5a and CAS5D), secreted (CA6), and membrane-associated (CA4,
CA9, CA12, and CA14-CA15). Ventriculomyocytes express several types of car-
bonic anhydrases that reside in the cytosol (CA2), mitochondria (CAS), sarcolemma
(CA4 and CA14), and sarcoplasmic reticulum membrane (CA4, CA9, and CA14).

Carbonic anhydrase is involved in mitochondrial CO, clearance, as it catalyzes
CO; hydration to HT and HCOj ions as well as the reverse reaction. The activity of
extracellular-facing CA isoforms accelerates CO, exchange between the intra- and
extracellular compartments [69].

Mitochondria are surrounded by a carbonic anhydrase-rich domain that contains
cytosolic CA?2 and sarcoplasmic reticulum-associated CA 14 isoform [69]. Extrami-
tochondrial CA activity improves the efficiency of mitochondrial respiration and
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alkalinizes the mitochondrial matrix. The inner membrane pH gradient contributes
to Ca?* extrusion by Ca>*—H™ exchanger, phosphate uptake by Pi~H™ cotrans-
porter, and pyruvate ingress by HT—monocarboxylate carrier, thereby avoiding a
reduced ATP production.

3.1.7.11 Cardiac Anaplerosis

The tricarboxylic acid cycle (TCA; Vol. 1 — Chap. 4. Cell Structure and Function)
generates NADH and FADH, for the electron transport chain (ETC). Adequate
NADH and FADH, production requires a constant supply of acetylCoA and
a constant pool of TCA substrates that possess the acetyl groups targeted for
oxidation.

Most intermediates are also involved in other metabolic pathways (molecular
synthesis as well as metabolic signal transmission) in mitochondria and cytosol
after influx from mitochondria through appropriate transporters (cataplerosis).
Conversely, entry of intermediates into the TCA by anaplerosis balance cataplero-
sis, thereby maintaining TCA substrate concentrations for optimal TCA activity.
Anaplerotic substrates, particularly pyruvate, ensure cardioprotection. Amino acids,
such as aspartate, glutamate, and glutamine, increase anaplerosis.

Carbohydrates and long-chain fatty acids are used for energy production.
Insulin stimulates anaplerosis. Glucose is an important source of pyruvate. Pyru-
vate (plasma concentration 0.05-0.20 mmol) and lactate (plasma concentration
0.5-2.0 mmol) produced by glycolysis are substrates for energy metabolism and
anaplerosis. Pyruvate is partitioned between decarboxylation and carboxylation.

In the myocardium of healthy humans, mitochondrial citrate efflux is cor-
related with nutrient uptake, positively with long-chain fatty acids, but nega-
tively with glucose. Cytosolic citrate restricts utilization of both glucose, as it
inhibits phosphofructokinase, and long-chain fatty acids, as it inactivates carnitine
palmitoyltransferase-1 upon its cleavage by ATP-citrate lyase to acetylCoA, a
precursor of malonylCoA [70].

Mechanisms and objectives of entry (anaplerosis) and exit (cataplerosis) of TCA
substrates include [70]: (1) pyruvate carboxylation, a major anaplerotic pathway;
(2) citrate removal; (3) succinate removal, which rises during oxygen deprivation;
(4) malate decarboxylation to pyruvate; (5) transamination between oxaloacetate
and a-ketoglutarate and their corresponding amino acids, aspartate and gluta-
mate, respectively, a-ketoglutarate removal being able to balance anaplerosis rate;
(6) formation of fumarate; (7) anaplerotic production (low in normal conditions) of
succinylCoA from propionylCoA precursors, such as branched-chain amino acids,
propionate (using propionylCoA carboxylase and methylmalonylCoA racemase and
mutase), propionyl carnitine, odd-carbon ketone bodies, and odd-carbon medium-
chain fatty acids (e.g., heptanoate); (8) ATP formation by succinylCoA using
substrate phosphorylation and succinylCoA synthase; (9) ketone body metabolism
via 3-oxoacidCoA transferase (SCOT); (10) heme synthesis from succinylCoA
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due to the activation of heme oxygenase in response to oxidative stress; and
(11) mitochondrial alterations, particularly opening of the permeability transition
pore.

A restricted flux at any reaction of the tricarboxylic acid cycle, e.g., a loss
of activity of aconitase or a-ketoglutarate dehydrogenase, may increase the entry
of substrates downstream from the defective reaction, e.g., a-ketoglutarate or
succinylCoA. The participation of amino acids to oxidation, such as glutamate or
glutamine, may also control anaplerotic and cataplerotic pathways.

In the myocardium, TCA substrate concentrations are very low (total substrate
level <2 pmol/g tissue; oxaloacetate level: 5-10 nmol/g). In the TCA, the rate of
acetylCoA oxidation ranges from 0.1 to 4 wmol/mn/g [70]. The turnover time of
TCA intermediates is very rapid, albeit variable, ranging from less than 1 s to 1 mn.
The turnover rate for oxaloacetate reaches values up to 800 mn.

3.1.8 Ketone Bodies

Two predominant circulating ketone bodies include acetoacetate and p-hydroxybuty-
rate. The latter is oxidized to the former using mitochondrial B-hydroxybutyrate
dehydrogenase BDH1.

Hepatic ketogenesis produces only Pp-hydroxybutyrate, which is the single
stereoisomer that is a BDH substrate. Cardiomyocytes, neurons, and skeletal
myocytes are the 3 greatest consumers of ketone bodies.

Each enzyme involved in ketone body oxidation catalyzes a reversible reaction
[71]. Therefore, ketone bodies can be synthesized and oxidized in the same cell.

3.1.8.1 Ketogenesis

Following lipolysis from triacylglycerols (or triglycerides), transport to and across
the hepatocyte plasma membrane, and then cytosolic transfer to mitochondria via
carnitine palmitoyltransferase, fatty acid p-oxidation creates acetoacetylCoA and
acetylCoA that are the primary ketogenic substrates. The major hormonal regulators
are glucagon and insulin.

Ketogenesis predominantly occurs in the liver mitochondria. Ketone bodies are
released by the liver via solute carriers of the SLC16A category (SLC16al and
SLC16a6-SLC16a7). They then circulate to be taken up by extrahepatic cells, where
they can undergo a terminal oxidation [71]. Carriers of the SLC16A category do
not have stereoselectivity for f-hydroxybutyrate, transferring both P OHB and
OHB, at least in rats.

Ketone bodies are synthesized in the liver from acetylCoA derived primarily
from fatty acid oxidation (Table 3.29). They are then carried to other organes for
terminal oxidation, hence contributing to energy metabolism, especially during the
neonatal period and after exercise. The concentration of circulating ketone bodies
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Table 3.29 Ketone body metabolism (Source: [71]; AACS: cytoplas-
mic AcAcCoA synthase; AcAcCoA: acetoacetylCoA; AcCoA: acetyl-
CoA; ACC: acetylCoA carboxylase; CoASH: free coenzyme-A; Cs:
cholesterol; FAO: fatty acid P-oxidation; FAS: fatty acid synthase;
HMGCL: HMGCoA lyase; HMGCoA: 3-hydroxy methylglutarylCoA;
HMGCR: HMGCoA reductase; HMGCS1: cytoplasmic HMGCoA syn-
thase; HMGCS2: mitochondrial HMGCoA synthase; MaCoA: mal-
onylCoA; NADT (NADH): nicotinamide adenine dinucleotide oxi-
dized (reduced); PDH: pyruvate dehydrogenase; TCA: tricarboxylic
acid; SCOT: succinylCoA:3-oxoacidCoA transferase). Six thiolases exist
(acetylCoA acyltransferases ACAA1-ACAA?2, acetylCoA acyltransferases
ACAT1-ACAT2, and hydroxyacylCoA dehydrogenases HADHa—HADHbD;
c[m]Tase: cytosolic [mitochondrial] thiolase). Cytosolic lipogenesis and
cholesterol synthesis constitute nonoxidative metabolic axes of ketone
bodies. The predominant circulating ketone bodies, acetoacetate (AcAc)
and B-hydroxybutyrate (3 OHB), are substrates for lipogenesis, the lat-
ter being oxidized to AcAc using mitochondrial f OHB dehydrogenase
(BDH1). Conversely, acetoacetate is transformed to § OHB and NADT
using NADH. Acetoacetate can also be nonenzymatically decarboxylated
to acetone and CO, in the mitochondrion

Ketogenesis in hepatocyte mitochondria

FAO mTase
AcylCoA —> AcCoA ——> AcAcCoA

HMGCS2 HMGCL BDHI1
AcAcCoA —— HMGCoA AcAc f OHB

Terminal ketone body oxidation in extrahepatic mitochondria

BDHI1 SCOT mTase
B OHB —— AcAc —— AcAcCoA —— AcCoA — TCA

Lipogenesis and cholesterol synthesis in the cytosol
AACS HMGCS1 HMGCR
AcAc ——> AcAcCoA —— > HMGCoA ——> mevalonate — Cs

cTase ACC FAS . .
AcAcCoA AcCoA MaCoA lipogenesis

increases from about 50 wmol in the normal fed state to 7mmol and to 1 mmol
after 16 to 20 h of fasting in healthy adult humans as well as 20 mmol in diabetic
ketoacidosis [71].

3.1.8.2 Ketone Body Oxidation and Nonoxidative Catabolism

Ketolysis happens either in the mitochondrion or cytosol leading to terminal
oxidation (ketone body oxidation) or lipogenesis and sterol synthesis (nonoxidative
catabolism). Ketone body metabolism changes during aging. It is disturbed in type-1
and -2 diabetes and heart failure.

Ketone body catabolism generates acetylCoA that can be terminally oxidized
within the tricarboxylic acid cycle as an alternative, glucose-sparing fuel source,
especially in the heart and skeletal muscles. Moreover, neurons that do not
effectively generate high-energy phosphates from fatty acids oxidize ketone bodies
during starvation as well as in the neonatal period.
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Ketone bodies are extracted from the blood circulation and taken up by cells via
SLC16al and SLC16a7 transporters [71]. Within mitochondria, B-hydroxybutyrate
dehydrogenase BDHI1 catalyzes the oxidation of § OHB to acetoacetate. The latter
is transformed into acetoacetylCoA by succinylCoA:3-oxoacidCoA transferase
(SCOT), which is synthesized in all cell types endowed of mitochondria, except
hepatocytes. It exchanges coenzyme-A between succinate and acetoacetate. The
free energy released by hydrolysis of acetoacetylCoA is greater than that of
succinylCoA. Therefore, the reaction favors the formation of acetoacetate.

AcetylCoA is also rapidly used by citrate synthase to feed the tricarboxylic
acid cycle and competes with acetoacetylCoA formation. A reversible reaction by
acetylCoA thiolase between acetoacetylCoA and acetylCoA yields 2 molecules
of acetylCoA that can enter the tricarboxylic acid cycle. On the other hand,
succinylCoA:3-oxoacidCoA transferase enables ketone body oxidation. Ketone
bodies are oxidized in proportion to their delivery until saturation of uptake or
oxidation [71]. Synthesis of the CoA transferase SCOT and activity diminish during
states of sustained ketosis. In the absence of SCOT, ketone bodies cannot be
oxidized.*

On the other hand, ketone bodies are also used for sterol synthesis and lipoge-
nesis. This nonoxidative metabolism happens particularly in the developing brain,
liver, and lactating mammary gland [72].#¢ It is initiated by cytoplasmic acetoacetyl-
CoA synthase that converts acetoacetate to acetoacetylCoA. The latter serves as
a direct substrate for cytoplasmic HMGCoA synthase HMGCSI1 that catalyzes
the committing step of sterol synthesis. Lipogenesis starts with acetoacetylCoA
processing by a thiolytic cleavage to yield acetylCoA. The latter is transformed to
the lipogenic substrate malonylCoA upon carboxylation by acetylCoA carboxylase.

3.1.8.3 Role of Ketone Bodies

Ketone bodies support energetic homeostasis, particularly in the brain, heart, and
skeletal muscle during ketogenic diet (low-carbohydrate, high-lipid diet, i.e., when
carbohydrates are lacking, but fatty acid are available).

Glucose metabolism accounts for less than 1% of circulating ketone bodies in
the state of low-carbohydrate intake, because pyruvate predominantly enters the
hepatic tricarboxylic acid cycle via carboxylation to oxaloacetate or malate rather

48COT-knockout mice develop hyperketonemic hypoglycemia and die within 48 h of extrauterine
life [71].

46D3_Hydroxy[3-14C]butyrate is incorporated into lipid in lactating mammary glands of rats, a
major site of ketone body utilization. This incorporation decreases in short-term insulin deficiency
(2h) and starvation (24 h), but increases again on refeeding (2 h) [72]. The activity of cytosolic
acetoacetylCoA synthase follows changes in nutritional state, but is not affected by short-term
insulin deficiency.
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Table 3.30 Role of ketone body metabolism (Source: [71]; GPCR: G-protein-coupled
receptor; HDAC: histone deacetylase; ROS: reactive oxygen species). Ketone body
oxidation represents the contribution of acetylCoA derived from ketone bodies to the
tricarboxylic acid cycle. This contribution in extrahepatic cells via citrate synthase is
called terminal oxidation of ketone bodies; it converts 1 mol of acetylCoA to 2 mol of
CO, and 2 mol of NADH. Like niacin, PB-hydroxybutyrate is a ligand for GPR109a

Process Effect and target
Metabolism of ketone bodies
Ketogenesis (hepatic) Use of acetylCoA derived from fatty acid
B-oxidation
Oxidation Improvement of ATP production rate per oxygen
Reduction of ROS generation
Catabolism Lipogenesis and sterol synthesis

Signaling by ketone bodies

GPCR GPR109a (Gi-coupled niacin receptor NiacR1)
GPR41 (Gi-coupled short-chain fatty acid receptor)
Membrane excitability Inhibition of Ky4 by 1f OHB in ventriculomyocytes
(transient outward K current) (action potential
prolongation)
Oxidative stress HDAC-dependent regulation of antagonist mediators

than decarboxylation to acetylCoA [71]. Amino acid catabolism yields a small
percentage of circulating ketone bodies, leucine catabolism generating up to 4%
of circulating ketone bodies.

Ketone bodies serve in the synthesis of lipids, especially in the developing
brain, lactating mammary gland, and liver. The metabolism of ketone bodies
interferes with [71]: (1) B-oxidation of fatty acids