Functions of the Respiratory System

-  O2 and CO2 exchange, acid/base balance, thermoregulation, uptake and detoxification, endocrine 

   functions, phonation

Mechanics of Respiratory Physiology

Inspiration: active - diaphragm, external intercostals

-  contraction of the diaphragm enlarges the thoracic cavity, creating subatmospheric pressure and 

   drawing air into the lungs

-  collapse of the external nares, pharynx and larynx is prevented by abductor muscles
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Laryngeal hemiplegia in horses occurs when one of the abductor muscles (usually on the left side) of the larynx fails to contract during inhalation; it can be diagnosed by a distinct “roaring” sound

EXPIRATION: mostly passive - abdominal muscles, internal intercostals

-  contraction of the abdominal muscles increases abdominal pressure, which forces the relaxed 

   diaphragm forward and decreases the size of the thorax

-  in running mammals, inspiration and expiration are synchronized with gait in order to increase V

   eg. in horses, at the canter and gallop, inhalation occurs when the forelimbs are extended and exhalation 

        occurs when the forelimbs are on the ground

TIDAL VOLUME (TV): the volume of air that enters the lungs during inspiration and exits during the following exhalation (usually ~12 mL/kg)

MINUTE VENTILATION (V): the volume of air entering or exiting the lungs in one minute

= (tidal volume) x (number of breaths/minute)


Other useful concepts:

elastic recoil: determines the resting shape of the lungs and thorax

(a)  Elastic Recoil of the Lungs
       -  due partly to elastic tissue, but mostly to the surface tension of alveoli (which tend to collapse)

       -  a pulmonary surfactant, dipalmitoyl phosphatidylcholine, decreases the surface tension but cannot 

          eliminate it 

·  it is less work to inflate a lung with saline because the air-liquid interface is abolished

(b)  Elastic Recoil of the Thorax
       -  due to musculoskeletal components

       -  the rigidity of the thorax is greater in larger animals, and in adults when compared to neonates

    
Note: premature foals are at great risk of respiratory failure because:

-  insufficient surfactant makes the lungs stiff and difficult to inflate

-  a very compliant chest wall makes it possible for the lungs to collapse upon exhalation (atelectasis)

FUNCTIONAL RESIDUAL CAPACITY (FRC): the volume of air left in the lung at the end of expiration, when pulmonary and thoracic elastic recoil forces are in equilibrium.  When an animal exhales below FRC, the thorax increasingly resists deformation.  

RESIDUAL VOLUME: the volume of air remaining in the lungs at the end of a maximal exhalation; determined by the limits to which the rib cage can be compressed.

Pleura and Pleural Fluid

Pleural fluid is produced by the visceral and parietal pleura, and is absorbed by the parietal pleura.  Its function is to provide mechanical interaction between the lungs and the thorax wall.

PLEURAL PRESSURE (Ppl): the pressure in the pleural cavity surrounding the lungs.  It is always subatmospheric, which allows the lungs to remain slightly inflated (they collapse to minimal volume at atmospheric pressure).  Pleural pressure decreases (becomes more negative) during inhalation and increases (becomes more positive) during exhalation.

RESISTANCE TO AIR FLOW

~  60% of the frictional resistance to breathing is provided by the nasal cavity, pharynx and larynx; 

   therefore, during exercise, obligate nose breathers (like the horse) must flare their nostrils and 

   constrict the blood vessels in their nose in order to decrease resistance

~ 40% of the resistance is provided by the trachea (40%), bronchi (40%) and bronchioles (20%)

Interference with normal air flow causes dyspnea (difficulty breathing)

1.  Non-compliant Alveoli  

     -  a greater drop in pleural pressure is required to expand the lungs to normal inspiratory volume

        eg. paraquat poisoning

2.  Airway Obstruction
    -  more difficult and takes longer to get a normal volume of air into and out of the lungs 

        (a)  Upper Airway Obstruction

            -  dyspnea on inspiration

            -  can be due to a physical narrowing (stenotic nares), a functional narrowing (dorsal displacement 

               of the soft palate in horses) or to a combination of both (laryngeal hemiplegia)


Brachycephalic Syndrome in Bulldogs

Refers to the combination of small upper airways and nostrils and a hyperplastic trachea that tends to collapse upon inhalation

    (b)  Lower Airway Obstruction
    -  dyspnea on expiration

    -  can be due to a physical narrowing (pus accumulation, bronchoconstriction), dynamic collapse of 

       airways (intrathoracic collapsed trachea) or a combination of both (asthma, COPD)

	EFFECT OF OBSTRUCTION
	UPPER AIRWAY
	LOWER AIRWAY

	Tidal Volume
	none (unless exercising)
	decreased

	Function Residual Capacity
	none (unless exercising)
	increased

	Inspiration

	Pleural Pressure
	more negative
	none

	Rate of Air Flow
	decreased
	none

	Expiration

	Pleural Pressure
	none
	more positive

	Rate of Air Flow
	none
	decreased


AIRWAY SMOOTH MUSCLE

Constricted by:

-  acetylcholine (parasympathetic stimulation of muscarinic receptors)

-  tachykinins

-  inflammatory mediators (histamine, bradykinin, leukotrienes)

Dilated by:

-  sympathetic/systemic stimulation of ß2 adrenergic receptors

-  nitric oxide (NO)

-  vasoactive intestinal peptide (VIP)

DEAD SPACE: any part of the respiratory system in which gas exchange does not occur

(a)  Anatomical Dead Space
      -  upper airways, lower airways up to the bronchioles

(b)  Alveolar Dead Space
      -  ventilated alveoli with poor blood supply (gas exchange is occurring, but sub-optimally)

Most “pulmonary” sounds are due to the air flow in large airways, where the air is moving at a high velocity and creating turbulence.  Bronchioles and alveoli do not directly contribute to breath sounds.

GAS EXCHANGE

FRACTION OF INSPIRED AIR (FIA): oxygen makes up ~21% of air, therefore FIO2 = ~ 0.21

PARTIAL PRESSURE OF A GAS: reflects the number of molecules present

= barometric pressure (PB) x fraction of inspired air (FIA)

= 760 mmHg (at sea level) x 0.21 (for oxygen)

= PO2 of 159.6 mmHg

*Remember that diffusion of gases is passive, and follows the partial pressure gradient*

PARTIAL PRESSURE OF A GAS IN SOLUTION: depends on concentration and solubility

= concentration (in v/v) / solubility coefficient

*Note that carbon dioxide is much more soluble in water than oxygen*

Alveolar air is different from inspired air due to the diffusion of gases.

Alveolar Gas Equation:  PAO2 = [(PB – PH2O) x FIO2] – PACO2/0.8
Exchange of O2 and CO2 in the alveoli relies on passive diffusion, which depends on several factors:

1.  Relative Diffusion Coefficient (D): DCO2 = 20, DO2 = 1

2.  Surface Area available for diffusion (A)

3.  Distance between air and blood (X)

4.  Driving Pressure = [ PA(gas) – Pcap(gas) ]

     -  varies with composition of air, rate of production of CO2, rate of consumption of O2

Therefore, overall, gas exchange can be expressed as:  V(gas) = D x A x [PA(gas) – Pcap(gas)]








  X

Mechanism of Gas Exchange

Blood entering the alveolar capillaries is venous blood (PcapO2 ~40mmHg).  This results in a strong pressure difference (compare with PAO2 ~100mmHg) that drives oxygen into the capillaries.  

While there is only a small difference in the partial pressures of carbon dioxide (PcapCO2 ~40mmHg, PACO2 ~46mmHg), its high diffusion coefficient allows for an equilibrium to be reached quickly.

Changes During Exercise

-  more capillaries open

-  increased area available for diffusion

-  decreased distance for diffusion

-  decreased diffusion time due to high velocity of blood

   (but increased driving pressure makes up for it)

Ventilation / Perfusion Ratios

Ideally, ventilation (V) should match perfusion (Q).  Therefore, theoretically, V/Q = 1 for each alveolus.  Actually, even in healthy animals V/Q = ~0.8.

Marked inequalities can arise under the following conditions:

1.  Cardiac Anomolies
      eg. tetralogy of Fallot – VSD, pulmonary stenosis, right ventricle hypertrophy, overriding aorta

2.  Collapsed Alveoli
      -  PAO2 = 0; end up with a right-to-left vascular shunt as blood bypasses the lung

3.  Airway Obstruction (eg. by exudates in severe pneumonia)

      -  decreased PAO2 results in decreased diffusion of O2
4.  Pulmonary Artery Thrombosis
      -  PAO2 is normal, but no blood makes it to the capillaries for exchange

Alveolar-arterial oxygen difference can be calculated to detect diffusion and V/Q inequalities: 

1.  Use the Alveolar Gas Equation to calculate PAO2
2.  Normal PAO2 (usually 100 mmHg) – PaO2 should be in the range of ~0-10 mmHg (max. 15 mmHg)

Transport of O2
Oxygen is poorly soluble in blood, so hemoglobin is used to transport ~97% of it throughout our body.

-  hemoglobin is formed from four heme molecules, which are joined together in a ring structure with a 

   ferrous iron (Fe2+) at its centre

-  oxygen uptake by hemoglobin removes it from the plasma and facilitates O2 movement into the blood 

-  O2-binding is a four step process: as each molecule of heme binds a molecule of O2, there is a 

   conformational change that increases hemoglobin’s affinity for the next molecule of O2
-  hemoglobin is fully saturated at ~85-100 mmHg

A right shift in the oxyhemoglobin dissociation curve (increased unloading of oxygen at a given PO2) can be caused by:

(a)  increasing the pH of the blood (H+ ions bind to hemoglobin)

(b)  increasing body temperature (increases PCO2)

A left shift in the oxyhemoglobin dissociation curve (decreased unloading of oxygen at a given PO2) can be caused by:

(a)  decreasing the pH of the blood
(b)  decreasing body temperature
(c)  carbon monoxide poisoning (displaces oxygen from heme binding sites)

(d)  fetal hemoglobin

Note: there is a condition called methemoglobinemia in which the ferrous iron is oxidized to Fe3+ by nitrites or other toxins.  This results in the formation of methemoglobin, which does not bind oxygen.

Transport of CO2
Transport of carbon dioxide in the blood occurs in three ways:

1.  In solution (~5%)

       -  measured by blood gas analysis

2.  Carbamino compounds (~25%)

        -  binds to –NH of proteins; mostly hemoglobin

3.  As HCO3- (~70%)

        -  calculated by blood gas analysis machines

Bicarbonate

-  carbonic anhydrase in RBCs catalyzes:  CO2 + H2O → H2CO3 → HCO3- + H+
-  H+ binds to and is buffered by hemoglobin, particularly at low PO2 (important in acid/base balance)

-  in the alveoli, oxygen binds to hemoglobin and H+ is released and the reverse of the above reaction 

   occurs; the result is that we exhale CO2 and H2O

Measurement of PaO2 and PaCO2
The challenge of blood gas analysis is that you have to draw blood from an artery.  Common sites used include the femoral artery (in cats, dogs, foals) and the facial artery (in adult horses).

1.  Blood Gas Analysis
     -  directly measures PO2 and PCO2, from which we can calculate the oxygen saturation of hemoglobin

2.  Pulse Oximetry

     -  directly measures the oxygen saturation of hemoglobin

-  neither of the above is an accurate measure of oxygen carrying capacity

-  the oxygen carrying capacity of the blood depends on the amount of hemoglobin and the PaO2
-  O2 unloading into the tissues depends on PtO2 (usually ~23 mmHg)

PaO2 – PtO2 drives unloading of oxygen from hemoglobin
Control of Respiration

Respiratory centres in the medulla and pons control the rhythm and tidal volume of our breathing.  

-  receptors in the lungs, airways and thorax detect mechanical and chemical changes 

Chemoreceptors in the vessels and CNS are sensitive to changes in PO2, PCO2 and pH

(a)  Peripheral receptors 

       -  located at the carotid and aortic arches

       -  monitor changes in pH and PO2 and increase ventilation as needed

(b)  Central receptors 

 -  located in the ventral medulla, outside the blood-brain barrier

 -  monitor changes in the pH of the interstitial tissue fluid, and the H+ concentration in both 

    arterial blood and the CSF

           -  the blood-brain barrier is relatively impermeable to H+ and HCO3-, but is permeable to CO2
Pulmonary Blood Flow

A low pressure system; most of the resistance to blood flow is in the capillaries.

Pulmonary vascular pressure is passively affected by:

1.  Cardiac pressure 

       -  pulmonary flow is pulsatile

2.  Lung volume
       -  low volume: alveolar arteries and veins are distended (vessels outside the alveolus are compressed) 

       -  high volume: alveolar arteries and veins are compressed (vessels outside the alveolus are distended)

Pulmonary vascular pressure is actively affected by:

1.  Neural and hormonal factors
       -  amount of vascular smooth muscle in small pulmonary arteries

       -  activation of α-adrenergic receptors on vascular smooth muscle = vasoconstriction

       -  activation of β-adrenergic receptors on vascular smooth muscle = vasodilation

       -  inflammatory mediators (histamine, serotonin, bradykinin)

2.  Decreased PAO2
       -  results in vasoconstriction and redirection of blood flow to better ventilated areas of the lung

          (seen in neonates, pneumonia, atelectasis and altitude sickness)

Distribution of Blood to the Lung
In quadrupeds, the dorsal part of the lung is preferentially perfused, even during exercise and when in dorsal recumbency.  Thus, at rest, they have many unused capillaries.  With increased cardiac output pulmonary pressure increases, pulmonary vessels dilate and the animal recruits its unused capillaries.

Horses: during severe exercise, the pulmonary vascular pressure may increase so much that it causes hemorrhaging!

Due to mechanical factors, fluid tends to accumulate in the lungs.  Therefore, it is critical that excess interstitial fluid is taken up by the lymphatics.  Pulmonary edema can result from:

-  increased pulmonary capillary pressure

-  decreased plasma oncotic pressure

-  damaged pulmonary capillaries

Bronchial Circulation

-  provides nutrients to the airways and vessels

-  venous return is to the right or left azygos vein in most species

-  some bronchial capillaries drain into pulmonary veins (physiological right-to-left shunt)

-  vessels dilate and proliferate in response to hypoxia

Mechanical Defenses of the Lung

Particle deposition is by size:

     LARGE: upper airways

     MEDIUM: sediment out in airways

     SMALL: diffuse to alveoli

Deposited particles are trapped by mucus that is generated by the:

-  Clara cells in the bronchioles

-  Goblet cells and submucosal bronchial glands

The mucus is layered: the sol layer is thin and covers the epithelial cells; the gel layer is more viscous and floats on the sol layer, trapping particles.  Composition and secretion is under autonomic control.

Mucociliary Transport

-  cilia in airways is always immersed in the sol layer

-  forward stroke catches the gel layer and moves it toward the nasopharynx, where it is swallowed

-  impairment of this movement can have serious consequences

Sneezing and Coughing

-  accelerate the flow of air to expel particles from the airways

-  triggered by rapidly adapting stretch and irritant receptors in airways

Metabolic Functions of the Lung

The lung is an ideal filter because the entire cardiac output passes through it.  

Endothelial cells have enzymes on their luminal surfaces and metabolize vasoactive substances:

-  serotonin removed and degraded by monoamine oxidase

-  norepinephrine removed to some degree

-  bradykinin, angiotensin are metabolized by angiotensin-converting enzyme (ACE)

    →  bradykinin inactivated
    →  angiotensin I converted to angiotensin II

-  several prostaglandins are degraded

-  exogenous toxins (paraquat, etc)

Fetal and Neonatal Pulmonary Physiology

Hemoglobin is key to oxygen transport in the fetus.  It originates in the yolk sac of embryos, in the liver and spleen of the fetus, and in the bone marrow of the adult.  

Fetal Adaptations

-  tissues are hypoxic relative to maternal tissues

-  fetal hemoglobin has a higher affinity for oxygen than adult hemoglobin

-  higher hemoglobin concentrations

-  high cardiac output

-  routing of oxygenated blood to tissues with greater needs

When maternal PaO2 decreases, fetal PO2 decreases resulting in vasodilation in the fetal heart and brain, and fetal pulmonary vasoconstriction.

Development and Maturation of the Fetal Lung

The airways develop first, then the pulmonary vessels, followed by the alveoli.  Surfactant synthesis begins mid- to late gestation, and the lung is not “mature” until there is sufficient surfactant present to prevent collapse of the lungs.  At birth, the placenta detaches as the fetus is in the birth canal – this decreases fetal PaO2 and increases fetal PCO2, providing a strong stimulus to inhale as soon as the chest is able to inflate.  The first few breaths must overcome surface and elastic tensions to inflate the collapsed alveoli, establish the functional residual capacity and increase PaO2.  Increased PaO2 results in pulmonary vasodilation, decreased pressure in the right side of the heart and the establishment of a pressure differential between the right and left chambers of the heart.  Simultaneous rupture of the umbilical cord vessels leads to increased systemic arterial pressure, collapse of the foramen ovale and gradual constriction of the ductus arteriosus.
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increased PO2 in the tissues








