Board Review Series Book:
Respiratory physiology:

· Lung volumes:

· Tidal volume (TV) is the volume inspired or expired with each normal breath.

· Inspiratory reserve volume (IRV) is the volume that can be inspired over and above the tidal volume.  It is used during exercise.

· Expiratory reserve volume (ERV) is the volume that can be expired after the expiration of a tidal volume.

· Residual volume (RV) is the volume that remains in the lungs after a maximal expiration.  It cannot be measured by spirometry.

· Anatomic dead space is the volume of the conducting airways (~150 ml).

· Physiologic dead space is a functional measurement and is defined as the volume of the lungs that does not participate in gas exchange.  It is calculated via the equation:

Vd = Vt * (Paco2 – Peco2)/Paco2  where 

· Vd = physiologic dead space (ml)

· Vt = tidal volume (ml)

· Paco2 = Pco2 of arterial blood (mm Hg)

· Peco2 = Pco2 of expired air

· The equation states that physiologic dead space is tidal volume multiplied by a fraction.  The fraction represents the dilution of alveolar Pco2 by dead space air, which does not participate in gas exchange and does not therefore contribute CO2 to expired air.

· Minute ventilation rate = tidal volume * breaths/min

· Alveolar ventilation rate = (tidal volume – dead space) * breaths/min

· Inspiratory capacity = tidal volume + IRV

· Functional residual capacity (FRC) = ERV + residual volume

· It is the volume remaining in the lungs after a tidal volume is expired.  Since it includes residual volume, it cannot be measured by spirometry.

· Vital capacity (VC) or forced vital capacity (FVC) = tidal volume + IRV + ERV.
· It is the volume of air that can be forcibly expired after max inspiration.

· Total lung capacity (TLC) = IRV + TV + ERV + RV

· Forced expiratory volume (FEV1) is the volume of air that can be expired in the first second of a forced maximal expiration.  It is normally 80% of the forced vital capacity.  In obstructive lung disease, such as asthama, FEV1 is reduced more than FVC so that FEV1/FVC is decreased.  In restrictive lung disease, such as fibrosis, both FEV1 and FVC are reduces so the ratio is unchanged.

· Mechanics of Breathing:

· Muscles of inspiration: 

· Diaphragm: when the diaphragm contracts, the abdominal contents are pushed downward, and the ribs are lifted upward and outward, increasing the volume of the thoracic cavity.

· External intercostals and accessory muscles are not used for inspiration during normal quiet breathing but are used during exercise.

· Muscles of expiration:  

· Expiration is normally a passive process because the lung/chest wall system is elastic, so it desires to return to its resting position after inspiration.  Muscles are invoked during exercise or when airway resistance is increased because of disease.

· Abdominal muscles compress the abdominal cavity, push the diaphragm up, and push air out of the lungs.

· Internal intercostals muscles pull the ribs downwards and inward.

· Compliance of the respiratory system describes the distensibility of the lungs and chest wall.  It is inversely related to elastance, which depends on the amount of elastic tissue.  Compliance is the slope of the pressure/volume curve, where pressure refers to the pressure differences across pulmonary structures (e.g. transmural or transpulmonary).

· Compliance of the lung: 

· transmural pressure = alveolar pressure – intrapleural pressure

· When the pressure outside of the lungs (i.e. intrapleural pressure) is negative, the lungs expand and lung volume increases.  When the pressure outside the lungs is positive, the lungs collapse and lung volume decreases.  

· Inflation of the lung (inspiration) follows a different curve than deflation (expiration) and this difference is called hysteresis.

· In the middle range of pressures, compliance is greatest and the lungs are most distensible.  At high expanding pressures, compliance is lowest, the lungs are least distensible and the curve flattens.

· Compliance of the combined lung-chest wall system is less than that of the lungs alone or the chest wall alone (the slope is flatter).  

· At rest, lung volume is at FRC and the pressure in the airways and lungs is equal to atmospheric pressure (i.e. zero).  Under these conditions, there is a collapsing force on the lungs and an expanding force on the chest wall.  At FRC, these two forces are equal and opposite.  As a result of those two opposing forces, intrapleural pressure is negative.

· If air is introduced into the intrapleural place (pneumothorax), the intrapleural pressure becomes equal to atmospheric pressure.  The lung will collapse and the chest wall will spring outward.

· Changes in lung compliance:

· In a paitnet with emphysema, lung compliance is increased and the tendency of the lungs to collapse is decreased.  Therefore, at the original FRC, the tendency of the lungs to collapse is less than the tendency of the chest wall to expand.  The lung-chest wall system will seek a new. Higher FRC so that the two opposing forces can be balanced; the patient’s chest becomes barrel-shaped.

· In a patient with fibrosis, the opposite is the case, as the lung compliance is decreased and the tendency to collapse is increased.


· Surface tension of alveoli and surfactant:

· Surface tension of the alveoli results from the attractive forces between molecules of liquid lining the alveoli and creates a collapsing pressure that is directly proportional to surface tension and inversely proportional to alveolar radius.

· Laplace’s Law: P = 2T/r  where P = collapsing pressure on alveolus (or pressure required to keep it open) [dynes/cm2]; T = surface tension (dynes/cm); r = radius of alveolus (cm).

· Large alveoli (large radii) have low collapsing pressures; small alveoli are more difficult to keep open.
· In the absence of surfactant, the small alveoli have a tendency to collapse (atelectasis).

· Surfactant: it lines the alveoli and reduces surface tension by disrupting the intermolecular forces between molecules of liquid.  This reduction in surface tension prevents small alveoli from collapsing and increases compliance.  It is synthesized by type II alveolar cells and consists primarily of the phospholipid DPPC.  

· Surfactant synthesis is present in gestating fetus as early as 24 weeks, and as late as 35 weeks.  Generally, a lecithin:sphingomyelin ratio greater than 2:1 in amniotic fluid reflects mature levels of surfactant.  Neonatal respiratory distress syndrome can occur in premature infants because of the lack of surfactant.  The infant exhibits atelectasis (lung collapse), difficulty reinflating lungs (a result of ↓ compliance), and hypoxemia because of the V/Q (ventilation/perfusion ratio) defect.

· Relationships between pressure, airflow and resistance:

· Airflow is driven by and is proportional to the pressure difference between the mouth/nose and the alveoli.  It is inversely proportional to airway resistence.

· Q = ΔP/R  where Q = airflow (ml or L/min), ΔP = pressure gradient (cm H2O), R = airway resistance (cm H2O/L/sec).

· Resistence of the airways is described by Poiseuille’s law: R = 8ηl/πr^4  where R = resistance, η = viscosity of the inspired gas, l = length of airway, r = radius of airway.\

· Factors that change airway resistance:

· The major site of airway resistance is the medium sized bronchii.  The smallest airways do not because their parallel arrangement produces a cumulative cross sectional area that is greater than the medium sized bronchii.
· Contraction or relaxation of bronchial smooth muscle changes airway resistance by altering the radius of the airways.

· Parasymp stim, irritants, and the slow-reacting substance of anaphylaxis (asthma) constrict the airways, decrease the radius, and increased resistance to airflow.  Symp stim and symp agonists (isoproterenol) dilate the airways via β2 receptors, increase radius, and decrease resistance.

· Lung volume alters resistance because of the radial traction exerted on the airways by surrounding lung tissue. High lung volumes are associated with greater traction and decreased airway resistance.  Opposite for low lung volumes.

· Viscosity or density of inspired air changes the resistance to airflow.  

· Breathing cycle – description of pressures and airflow

	
	Alveolar pressure
	Intrapleural pressure
	Lung volume

	At rest (before inspiration)
	= atmospheric pressure; said to be 0
	Intrapleural pressure is negative and can be measured by a balloon catheter in the esophagus
	= FRC

	During inspiration
	The inspiratory muscles contract and cause a ↑ volume of the thorax.  As lung volume ↑es, alveolar pressure ↓es to less than atmospheric.  The pressure gradient b/t atmospheric and the alveoli now causes air to flow into the lungs.
	Intrapleural pressure becomes more negative: because lung volume ↑es during inspiration, the elastic recoil strength of the lungs also ↑es.  As a result, intrapleural pressure becomes even more negative than it was at rest.  Negative airway pressure also contributes to the more negative intrapleural pressure.  Changes in intrapleural pressure during inspire

ation are used to measure the dynamic compliance of the lungs.
	Increases by one TV (= FRC + TV)

	During expiration
	Alveolar pressure becomes greater (more pos) than atmospheric pressure because alveolar gas is compressed by the elastic forces of the lung.  Thus, alveolar pressure is now higher, gradient is reversed, and air flows out of the lungs
	Intrapleural pressure returns to its resting value during a normal (passive) expiration.  However, during a forced expiration, intrapleural pressure actually becomes positive, which compresses the airways and make expiration more difficult.  
	Returns to FRC


· Lung diseases

	
	FEV1
	FVC
	FEV1/FVC
	FRC

	Asthma – an obstructive disease in which expiration is impaired
	↓↓
	↓
	↓
	↑, since air that should have been expired is not, leading to air trapping

	Chronic obstructive pulmonary disease (COPD) – a combination of chronic bronchitis and emphysema.  Is an obstructive disease with increases lung compliance in which expiration is impaired. 
	↓↓
	↓
	↓
	↑, since air that should have been expired is not, leading to air trapping and barrel-chestedness.  

	Pink puffers (primarily emphysema) have mild hypoxemia and, because they maintain alveolar ventilation, normocapnia (normal Pco2).

Blue bloaters (primarily bronchitis) have sever hypoexemia with cyanosis and, because they do not maintain alveolar ventilation, hypercapnia.  They have right ventricular failure and systemic edema.

	Fibrosis – a restrictive disease with decreased lung compliance with which inspiration is impaired.  
	↓
	↓↓
	↑ or normal
	↓


· Gas exchange

· Dalton’s law of partial pressures: PP = total pressure * fractional gas conc.

· In humidified tracheal air at 37%, the calculation is modified to correct for the partial pressure of H2O, which is 47 mm Hg.

· Partial pressures of O2 and CO2 in inspired air, alveolar air and blood.

	Gas
	Dry inspired air
	Humidified tracheal air
	Alveolar air
	Systemic arterial blood
	Mixed venous blood

	Po2
	160 (assuming 760 Patm and Fo2 = 21%).
	150
	100 – O2 has diffused from alveolar air into pulmonary capillary blood, decreasing Po2 of alveolar air
	Slightly <100 because of physiologic shunts.  Blood has equilibrated with alveolar air (is arterialized).
	40 – O2 has diffused from arterial blood into tissues, decreasing the Po2 of venous blood.

	Pco2
	0
	0
	40 – CO2 has been added from pulmonary capillaries into alveolar air
	40 – blood has equilibrated with alveolar air
	46 – CO2 has diffused from the tissues into venous blood, ↑ing the Pco2 of venous blood.


· Dissolved gases: The amount of gas dissolved in a solution is proportional to its partial pressure – dissolved [O2] = Po2 * solubility of O2 in blood
· Diffusion of gases such as CO2 and O2: the diffusion rates depend on the partial pressure difference across the membrane and the area available for diffusion.

· Perfusion-limited exchange (PLE) is illustrated by N2O and by O2 under normal conditions.  In PLE, the gas equilibrates early along the length of the pulmonary capillary.  The partial pressure of the gas in arterial blood becomes equal to the partial pressure in alveolar air.  Thus, for a PLE, diffusion of the gas can be increased only if blood flow increases.

· Diffusion-limited exchange (DLE) is illustrated by CO2, by O2 during exercise, by disease states such as fibrosis (in which the diffusion ofO2 is restricted because thickening of the alveolar membrane increases diffusion distance) and emphysema (in which the diffusion of O2 is decreased because the surface area for diffusion of gases is decreased.  In DLE, the gas does not equilibrate by the time blood reached the end of the pulmonary capillary.  The partial pressure difference of the gas between alveolar air and pulmonary capillary blood is maintained.  Diffusion continues as long as the partial pressure gradient is maintained.
· Oxygen transport: O2 is carried in blood in two forms: dissolved or bound to hemoglobin.  Hb at its normal concentration, increases the O2-carrying capacity of blood seventyfold.  
· Hb is a globular protein of four subunits.  Each subunit contains a heme moiety, which is iron-containing porphyin.  The iron is in the ferrous state (Fe+2), which binds O2.  Each subunit has a polypeptide chain.  Two of the subunits have α-changes and two of the subunits have β-chains.  

· In fetal hb, the β chains are replaced by γ chains.  The O2 affinity of fetal hb is higher than the O2 affinity of adult hb (left shift) b/c DPG binds less avidly.  B/x the O2 affinity of fetal hb is higher than the O2 affinity of adult hb, O2 movement from mother to fetus is facilitated.

· O2 capacity is the maximum amount of O2 that can be bound to hemoglobin.  It is dependant on the hb concentration in blood, and it limits the amount of O2 that can be carried in blood.  It is measured at 100% saturation.

· O2 content is the total amount of O2 carried in blood, including bound and dissolved O2.  It is dependant on the hb concentration, the Po2, and the P50 of hemoglobin.  

· O2 content = (O2-binding capacity * % saturation) + dissolved O2

· Hb-O2 dissociation curve:

· Hb combines rapidly and reversibly with O2 to form oxyhemoglobin.  

· The Hb-O2 dissociation curve is a plot of the percent saturation of hb as a function of Po2.

· The sigmoid shape of the curve is the result of a change in the affinity of hb as each successive O2 molecule binds to a heme site (positive cooperativity).  Binding of the first O2 increased the affinity for the second, and so forth.  The affinity for the fourth O2 is highest.  This change in affinity facilitates the loading of O2 in the lungs (flat portion of the curve) and the unloading of O2 at the tissues (steep portion of curve.

· In the lungs, alveolar gas has a Po2 of 100 mm Hg.  Pulmonary capillary blood is arterialized by the diffusion of O2 from alveolar gas into blood so that the Po2 of pulmonary capillary blood also becomes 100 mm Hg.  The very high affinity of hb for O2 at a Po2 of 100 mm hg facilitates the diffusion process.  By tightly binding O2, the free O2 concentration and O2 partial pressure are kept low, thus maintaining the partial pressure gradient (that drives the diffusion of O2).  The curve is almost flat when the Po2 is between 60 mm Hg and 100 mmHg.  Thus humans can tolerate changes in atmospheric pressure and Po2 without compromising the O2-carrying capacity of hb.
· In peripheral tissues, O2 diffuses from arterial blood to the cells.  The gradient for O2 diffusion is maintained because the cells consume O2 for aerobic metabolism, keeping the tissue Po2 low.  The lower affinity of hb for O2 in this steep portion of the curve facilitates the unloading of O2 to the tissues.

· Changes in the Hb-O2 dissociation curve:

· Shifts to the right occur when the affinity of O2 is decreases.  The P50 is increased, and the unloading of O2 from arterial blood to the tissues is facilitated.  For any level of Po2, the % saturation of hb is decreased.  Conditions that shift curve to the right include:

· Increase in Pco2 or decreases in pH: ex – during exercise the tissues produce more CO2, which decreases tissue pH and thru the Bohr effect, stimulate O2 delivery to the exercising tissues.

· Increases in temperature (e.g. during exercise): the shift to the right decreases the affinity of Hb for O2 and facilitates the delivery of O2 to the tissues during this period of high demand.

· Increases in [2,3-DPG]: shift the curve to the right by binding to the β chains of deoxyhb and ↓ing the affinity of hb for O2.  The adaptation to chronic hypoxemia (living at high altitudes) includes ↑ syn of 2,3-DPG.

· Shifts to the left occur when the affinity of hb for O2 is increased.  The P50 is decreased and unloading of O2 from arterial blood into tissues is more difficult.  For any level of Po2, the % saturation of Hb is increased.  

· Causes of a shift to the left are a mirror of the causes above.
· HbF does not bind 2,3-DPG as strongly as does adult hb.  Decreased binding of 2,3-DPG results in ↑ed affinity of HbF for O2, ↓ed P50, and a shift of the curve to the left.

· CO poisoning: CO competes for O2 binding sites on Hb, with 200x stronger affinity.  CO occupies O2 binding sites on hb, thus ↓ing the O2-binding capacity of hb and decreasing the O2 content of blood.  In addituibm binding of CO to hb increases the affinity of remaining sites for O2, causing a shift of the curve to the left.

· Causes of hypoxemia 

	Cause
	PaO2 – arterial Po2
	A-a gradient (difference in Po2 between alveolar gas and arterial blood)

	High altitude (↓ PB)
	Decreased
	Normal

	Hypoventilation (↓PAo2)
	Decreased
	Normal

	Diffusion defect (e.g. fibrosis)
	Decreased
	Increased

	Vdot/Qdot defect 
	Decreased
	Increased

	Shunt
	Decreased 
	Increased


· Causes of hypoxia

	Cause
	Mechanism

	↓ cardiac output
	↓ blood flow

	Hypoxemia
	↓ PaO2 causes ↓ % saturation of hb

	Anemia
	↓ hb concentration causes ↓ O2-carrying capacity of blood

	CO poisoning 
	↓ O2-binding capacity of hb

	Cyanide poisoning 
	↓ O2 utilization by tissues


· CO2 transport

· Forms of CO2: 1) dissolved CO2 (small amount) which is free in solution 2) carbaminohemoglobin (small amount), which is CO2 bound to hb 3) HCO (from hydration of CO2 in RBCs) which is the major form (90%).

· Transport of CO2 as HCO-3:  CO2 is generated in the tissues and diffuses freely into the venous plasma and then into RBCs.  In the RBCs, CO2 combines with H20 to form H2CO3, a reaction that is catalyzed by carbonic anhydrase.  H2CO3 dissociated into H+ and HCO-3.  HCO-3 leaves the RBCs in exchange for Cl- (chloride shift) and is transported to the lungs in the plasma.  HCO-3 is the major form in which CO2 is transported to the lungs.

· H+ is buffered inside RBCs by deoxyhb.  Because deoxyhb is a better buffer for H+ than oxyhb, it is advantageous that hb has been deoxygenated by the time blood reaches the venous end of the capillaries, where CO2 is added.  

· In the lungs, all of the above reactions occur in reverse.  HCO-3 enters the RBSc in exchange for Cl-.  HCO-3 recombines with H+ to form H2CO3 which decomposes into CO2 and H2O.  Thus, CO2, originally generated in the tissues, is expired.  

· Pulmonary circulation

· Pressures and cardiac input in the pulmonary circulation:

· Pressures are much lower in the pulmonary circulation than in the systemic circulation.  Resistance is also much lower in the pulmonary circulation than in the systemic circulation.  Cardiac output of the right ventricle is pulmonary blood flow and is equal to cardiac output of the left ventricle.  Although pressures in the pulmonary circulation are low, they are sufficient to pump the cardiac output because resistance of the pulmonary circulation is proportionally low.

· Distribution of pulmonary blood flow:

· When a person is supine, blood flow is nearly uniform.  When a person is standing, blood flow is unevenly distributed because of the effect of gravity.  Blood flow is lowest at the apex of the lung (zone 1), and highest at the base (zone 3).

· Zone 1 – blood flow is lowest.  

· Alveolar pressure > arterial pressure > venous pressure

· The high alveolar pressure may compress the capillaries and reduce blood flow in zone 1.  This situation can occur if arterial blood pressure is decreased as a result of hemorrhage or if alveolar pressure is increased b/c of positive pressure ventilation.

· Zone 2 – blood flow is medium.

· Arterial pressure > alveolar pressure > venous pressure.

· Moving down the lung, arterial pressure progressively increases because of gravitational effects on hydrostatic pressure.

· Arterial pressure is greater than alveolar pressure in zone 2 and blood flow is driven by the difference between arterial pressure and alveolar pressure.

· Zone 3 – blood flow is highest

· Arterial pressure > venous pressure > alveolar pressure.

· Moving down the toward the base, arterial pressure is highest because of gravitational effects and venous pressure finally increases to the point where it exceeds alveolar pressure.

· In zone 3, blood flow is driven by the difference between arterial and venous pressure, as in most vascular beds.

· Regulation of pulmonary blood flow – hypoxic vasoconstriction

· In the lungs, hypoxia causes vasoconstriction.  This response is the opposite that of other organs, where hypoxia cause vasodilation.  Physiologically, this effect is important because local vasoconstriction redirects blood away from poorly ventilated, hypoxic regions of the lung towards well ventilated regions.

· Fetal pulmonary vascular resistance is very high because of generalized hypoxic vasoconstriction; as a result, blood flow thru the fetal lungs is low.  With the first breath, the alveoli of the neonate are oxygenated, pulmonary vascular resistance decreases, and pulmonary blood flow increases and becomes equal to cardiac output (as occurs in adults).

· Shunts

· Right-to-Left shunts normally occur to a small extent because 2% of the cardiac output bypasses the lungs.  R-t-L shunts are seen in tetrology of Fallot.  They always result in a decrease in arterial Po2, because of the admixture of venous blood with arterial blood.  The magnitude of the R-t-L shunt can be estimated by having the patient breathe 100% O2 and measuring the degree of dilution of oxygenated arterial bood by nonoxygenated shunted (venous) blood.

· Left-to-Right shunts are more common because pressures are higher on the left side of the heart.  They are usually caused by congenital abnormalities (e.g. patent ductus arteriosus) or traumatic injury.  They do not result in a decrease in arterial Po2.  Instead, Po2 will be elevated on the right side of the heart because there has been admixture of arterial blood with venous blood.

· Ventilation/Perfusion defects

· V/Q ratio is the ration of alveolar ventilation (V) to pulmonary blood flow (Q).  Ventilation and perfusion matching is important to achieve the ideal exchange of O2 and CO2.  If the frequency, tidal volume, and cardiac output are normal, the V/Z ratio is approx .8.  This ratio results in an arterial Po2 of 100 mm Hg and an arterial Pco2 of 40 mm Hg.
· V/Q ratios in different parts of the lung: both ventilation and blood flow are nonuniformily distributed in the normal upright lung:

· Blood flow and ventilation are lowest at the apex and highest at the base, but the regional differences for ventilation are not as great as for perfusion.  Therefore, the V/Q ratio is highest at the apex and lowest at the base.

· As a result of the regional differences in V/Q ration, there are corresponding differences in the efficiency of gas exchange and in the resulting pulmonary capillary Po2 and Pco2.  Regional differences for Po2 are greater than those for Pco2.

· At the apex (highest V/Q), Po2 is highest and Pco2 is lowest because there is more gas exchange.

· At the base (lowest V/Q), Po2 is lowest and Pco2 is highest because there is less gas exchange.

	Area of lung
	Blood flow
	Ventilation
	V/Q
	Regional arterial Po2
	Regional arterial Pco2

	Apex
	Lowest
	Lower
	Highest
	↑
	↓

	Base
	Highest
	Higher
	Lowest
	↓↓
	↑


· Changes in V/Q ratio:

· V/Q ratio in airway obstruction: if the airways are completely blocked, then ventilation is zero.  If blood flow is normal, then V/Q is zero, which is called a shunt.  There is no gas exchane in a lung that is perfused but not ventilated.  The Po2 and Pco2 of pulmonary capillary blood (and therefore of systemic arterial blood) will approach their values in mixed venous blood.  There is an increased A-a gradient.

· V/Q ratio in pulmonary embolism: if blood flow is completely blocked, then blood flow to that lung is zero.  If ventilation is normal, then V/Q is infinite, which is called dead space.  There is no gas exchange in a lung that is ventilated by not perfused.  The O2 and Pco2 of alveolar gas will approach their values in inspired air.

· Control of breathing: sensory information is coordinated in the brain stem
· Central control of breathing (brainstem and cerebral cortex)

· Medullary respiratory center: is located in the reticular formation.

· The dorsal respiratory group is primarily responsible for inspiration and generates the basic rhythm for breathing.  Input to the dorsal respiratory group comes from the vagus and glossophyrngeal nerves.  The vagus nerve relays information from the peripheral chemoreceptors and the mechanoreceptors in the lung.  The glossophyrngeal nerve relays info from peripheral chemoreceptors.  Output from the dorsal respiratory group travels, via the phrenic nerve, to the diaphragm.

· The ventral respiratory group is primarily response for expiration.  It is not active during normal, quiet breathing, when expiration is passive.  It is activated during exercise, for example, when expiration becomes an active process.

· Apneustic center is located in the lower pons and stimulates inspiration, producing a deep and prolonged inspiratory gasp (apneusis).

· Pneumotaxic center is located in the upper pons and inhibits inspiration and therefore inspiratory volume and respiratory rate.  

· Cerebral cortex: breathing can be under voluntary control.  Voluntary hypoventilation (breath-holding) is limited by the resulting increase in Pco2 and decrease in Po2.  A previous period of hyperventilation extends the period of breath-holding.
· Chemoreceptors for CO2, H+, O2

· Central chemoreceptors in the medulla are sensitive to the pH of the CSF.  Decreases in the pH of the CSF produce increases in breathing rate.  H+ does not cross the BBB as well as CO2.  CO2 diffuses from arterial blood into the CSF because CO2 is lipid soluble and readily crosses the BBB.  In the CSF, CO combines with H2O to produce H+ and HCO-3.  The resulting H+ acts directly on the central chemoreceptors.  Thus increases in Pco2 and [H+] stimulate breathing.  The resulting hyperventilation then returns the arterial Pco2 toward normal.  The opposite happens with decreases in Pco2 and [H+].
· Peripheral chemoreceptors in the carotid and aortic bodies.  The carotid bodies are located at the bifurcation of the common carotid arteries.  The aortic bodies are located above and below each aortic arch.

· Decreases in arterial Po2 stimulate the peripheral chemoreceptors and increase breathing rate.  Po2 must decrease to low levels before breathing is stimulated.

· Increases in arterial Pco2 stimulates peripheral chemoreceptors and increase breathing rate.  The response of the peripheral chemoreceptors to CO2 is less important than the response of central receptors to CO2 (or H+).

· Increases in arterial [H+] stimlute carotid body peripheral chemoreceptors directly, independent of changes in Pco2.  In metabolic acidosis, breathing rate is increased (hyperventilation) because arterial [H+] is increased and pH is decreased.

	Type of chemoreceptor
	Location
	Stimuli that ↑ breathing rate

	Central
	Medulla
	↓pH (↑ Pco2)

	Peripheral
	Carotid and aortic bodies
	↓Po2 (if < 60 mm Hg)
↑ Pco2

↓ pH


· Other types of receptors for controlling breathing:

· Lung stretch receptors are located in the smooth muscle of the airways.  When these receptors are stimulated by distending of the lungs, they produce a reflex decrease in breathing frequency (Hering-Breuer reflex). 

· Irritant receptors are located between the airway epithelial cells and are stimulated by noxious substances such as dust or pollen.

· J (juxtacapillary) receptors are located in the alveolar walls, close to the capillaries.  Engorgement of the pulmonary capillaries, such as may occur with left heart failure, stimulated the J receptors, which can then cause rapid, shallow breathing.

· Joint and muscle receptors are activated during movement of the limbs and are involved in the early stimulation of breathing during exercise.

· Integrated responses of the respiratory system:

· Exercise:

· During exercise, there is an acute increase in ventilatory rate that matches the increase in O2 consumption and CO production by the body.  The stimulus for the increased ventilation rate is not completely understood.  However, joint and muscle receptors are activated during movement and cause an increase in breathing rate at the beginning of exercise.

· The mean values for arterial Po2 and Pco2 do not change during exercise.  Arterial pH does not change during moderate exercise, although it may during more strenuous activity because of lactic acidosis.

· On the other hand, venous Pco2 increase during exercise because the excess CO2 produced by the exercising muscle is carried to the lungs in venous blood.

· Pulmonary blood flow increases because cardiac output increases during exercise.  As a result, more pulmonary capillaries are perfused, and more gas exchange occurs.  The distribution of V/Q rations throughout the lung is more even during exercise and there is a resulting decrease in the physiologic dead space.

· Adaptation to high altitude:

· Alveolar Po2 is decreased at high altitude because the barometric pressure is decreased.  As a result, arterial Po2 is also decreased (hypoxemia).  Hypoxemia stimulates the peripheral chemoreceptors and increases the ventilation rate (hyperventilation).  This hyperventilation produces respiratory alkalosis, which can be treated by acetazolamide.

· Hypoxemia also stimulates renal production of erythropoietin, which increases the production of RBCs.  As a result, there is increased hb concentration, increased O2-carrying capacity of blood, and increased O2 content in blood.

· 2,3-DPG concentrations are increased, shifting the hb-O2 dissociation curve to the right.  There is a resulting decrease in affinity of hb for O2 that facilitates unloading of O2 in the tissues.

· Pulmonary vasoconstriction is another result of hypoxemia (hypoxic vasoconstriction).  Consequently, there is an increase in pulmonary arterial pressure, increased work of the right side of the heart against the higher resistance and hypertrophy of the right ventricle.

