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Microcirculation, Transcapillary Exchange, & Circulation III

1. Blood supply to the microvascular circulation in most organs is controlled by dilation or constriction of their terminal arterioles.  In some organs, distribution of blood flow is also controlled by precapillary sphincters, single smooth muscle around the entrance of individual capillaries.  Discuss different mechanisms used to regulate blood flow to the microvascular circulation (L11 and Lab 6).

a).  Sympathetic adrenergic nerves: The (1 adrenergic receptors (found in GI vascular smooth muscle), arterioles constrict in response to SNS stimulation. The (2 receptors (found in  skeletal muscle vascular smooth muscle) arterioles dilate. Resting tone in vascular smooth muscle in skeletal muscle is under sympathetic control.  See number 10 for more info…

b).  Local oxygen concentration: When O2 supply exceeds metabolic demand, local O2 concentration increases, constricting arterioles, reducing and diverting blood away from such regions.  Equally important controlling factors are local concentrations of CO2 and other metabolic products (“metabolites”) which dilate arterioles when their removal from the tissue falls behind production.

c).  Paracrine secretions: The endothelium of arteries and arterioles has an important regulatory function mediated by prostacyclin (PGI2), endothelium-derived relaxing factor/nitric oxide (EDRF-NO), and endothelin.  PGI2 and EDRF-NO are both vasodilators while endothelin is one of the most powerful vasoconstrictors known.

d).  Microvascular vasomotion and exchange vessel recruitment: Not all exchange vessels are supplied with blood when local metabolism is low.  The pattern of perfusion continually shifts among the vessels of the network in response to local variations in controlling forces.  This is called vasomotion.

e).  Blood pressure:  Arteriolar vasodilation tends to increase capillary pressure, arteriolar constriction lowers it.  Arteriolar dilation increases exchange surface area and reduces blood-to-cell distances when local metabolism increases.

2. Indicate the relative change in blood flow to the following organs during heavy exercise: brain, heart, GI, kidneys, & skeletal muscle (L15).

	Brain
	minimal change

	Heart
	((

	GI
	(

	Kidneys
	(

	Skeletal Muscle
	((


3. In a capillary: Pc is 32 mmHg, Pi is 0 mmHg, (c is 25 mmHg, (i is 2 mmHg, and LpA is 0.5 ml/min./mm Hg. What is the rate and direction of flow?  (Note to tutors: LpA is treated as a single variable, sometimes represented as Kf or CFC = Capillary Filtration Coefficient) (Lab 6)

Net pressure = (32 ‑ 0) ‑ (25‑2) = +9 mm Hg

Net pressure is positive, therefore filtration out of the capillary will occur.

Water flow(Jv) = (LpA)(net pressure) = (0.5 ml/min/mm Hg)( 9 mm Hg) = 4.5 ml/min.

4. A patient had a radical mastectomy on her right breast. Her doctor instructed her to have her blood pressure taken from her left arm when needed. Why? (Lab 6)

Radical mastectomy is an extensive surgical procedure during which all lymph nodes in the axilla and pectoral regions are excised (along with the breast, muscles, fat, fascia etc.)  If you put the blood pressure cuff on the right arm and squeeze, you will increase transmural pressure across the arteries and increase capillary hydrostatic pressure, pushing fluid out into the interstitium. With all the axillary nodes removed, lymphatic return is impaired, resulting in edema.

5. With the Starling equation in mind: (Lab 6)
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a).  List 3 examples of edema formation due to increased Pc.   

Arteriolar dilation, venous constriction, standing

b).  List 2 examples of edema formation due to decreased (c.  

Liver disease, malnutrition
c).  Name an example of edema formation due to increased LpA.  

Inflammation
6. Describe thermal regulation in the skin (for warm and cold situations) (L11).

In the skin of the hands feet and face are large numbers of arteriovenous anastomoses (A‑V shunts). When body temperature increases, sympathetic activity to the skin (vessels) decreases, resulting in vasodilation of these anastomoses (Alpha-1 receptors). The decrease in TPR results in a fall in MAP (MAP = CO X TPR) and the resultant baroreceptor reflex causes a corresponding increase in CO. The massive increase in skin blood flow is due to vasodilation (arterioles, AV shunts, venules and venous plexi), which provides a large area of heat exchange between the blood, skin, and external environment. Thus, the temperature of the body is regulated by the amount of blood flowing to the skin.  Sweat glands are stimulated by sympathetic cholinergic fibers when there is a need to dissipate heat.

Response to cold: In extremely cold environments there is intense vasoconstriction of the arterioles, A‑V shunts, and venules which alternate with brief periods of vasodilation (ruddy complexion on a cold day). This vasodilation is not sympathetically mediated, but is believed to be caused by metabolic autoregulation which overrides sympathetic control. The brief episodes of “cold vasodilation” helps prevent tissue damage like frostbite.

7. How is the blood flow to the brain regulated? What are the most effective metabolites?(L11)

Blood flow to the brain responds minimally to neurally induced vasoconstriction. Blood flow is constant at rest, in heavy exercise, and in cardiac insufficiency. Blood flow to the brain is primarily controlled by the presence of C02 and H+(Note that the H+ is not from the arterial blood, rather it is from the conversion of CO2 +H2O(H2CO3( HCO3- + H+ in the interstitium – H+ does not readily cross the BBB). If these metabolites build up to high levels in the brain, then there is vasodilation of the cerebral arterioles to increase blood flow to the brain. Local metabolic vasodilation by H+ is important in redistributing flow to regions of increased neuronal activity.  Vasoactive substances in the general circulation have little or no effect on cerebral circulation due to the BBB.

8. Describe the regulation of coronary blood flow (L11).

Blood flow to the heart is controlled mainly by local metabolites, the most important of which are adenosine and O2. High Oxygen content acts as a vasoconstrictor. More importantly decreased pO2 causes vasodilation and the release of adenosine. Adenosine acts as a potent vasodilator. Adenosine builds up because ATP is unable to be regenerated due to a decrease in oxygen (remember oxidative phosphorylation in the mitochondria?).  AMP and ADP accumulate and are degraded to adenosine. Other metabolic factors include PCO2, pH, and [K+].  Blood flows during diastole, not systole.

9. How is blood flow to the splanchnic organs regulated? (L11) 

The splanchnic organs are strongly controlled by both neural and metabolic factors. An increase or decrease in sympathetic activity causes a respective decrease or increase in blood flow to the visceral organs. The blood supply in the gut is a large amount of blood.  During exercise and in cardiac insufficiency, the blood flow to the gut can be reduced to 1/3 of its original amount without causing ischemia to the visceral tissues.  Blood is squeezed from the reservoir to perfuse vital and/or exercising organs.  The liver is also under tight SNS control in the same manner as the intestines.  However, it has the added feature of having a dual blood supply; 1/3 is supplied by the hepatic artery providing 50% of the oxygen, and the rest by the portal vein which provides ingested nutrients as well as a lower oxygen content.  There is a reciprocal relationship between portal and hepatic arterial flow: if hepatic arterial flow increases, flow from the portal vein decreases.  In addition, local metabolic control can sometimes override SNS control.  

10. How is blood flow to skeletal muscle regulated during moderate exercise? Compare when at rest. (L11)

· In anticipation of exercise, the central command increases sympathetic outflow to the heart (causing an increase in HR and contractility) and blood vessels.

Note From Dr. Gray:

In Ganong's Review of Medical Physiology, both beta-2 receptor stimulation and sympathetic cholinergic vasodilation (sympathetic innervation of sweat glands is by sympathetic cholinergics) may be  part of the anticipatory response to exercise, or to emotional situations (fear, apprehension and rage.  They are part of the regulatory system which starts in the cerebral cortex----to hypothalamus--- to medulla-- to spinal cord;  postganglionic neurons to skeletal muscle blood vessels produce vasodilation and increased epinephrine release from adrenal which is stimulated, reinforces the dilation.  this is called the 'defense reaction' in some textbooks.
· In active muscle, there is an overriding vasodilation of skeletal muscle arterioles due to the build‑up of vasodilator metabolites (lactate, potassium, adenosine). This is called metabolic vasodilation, and it is the dominant control mechanism in skeletal muscle during exercise.  Because this vasodilation improves the delivery of oxygen, more oxygen can be extracted and utilized by the contracting muscle.  Venous return is increased in muscular activity and contributes to an increase in CO by the Frank‑ Starling Mechanism.

· At rest sympathetic control of blood flow predominates. The sympathetic control is the primary regulator of blood flow to skeletal muscle at rest.  Sympathetic input causes vasoconstriction via alpha-1 receptors.  In fact, vasoconstriction of skeletal muscle arterioles is a major contributor of the TPR because of the large mass of muscle.

· Remember, sympathetic input can vasodilate via beta-2 receptors or vasoconstrict via alpha-1 receptors.  The major effect is vasoconstriction through alpha-1 receptors.

11. A UC Davis entomologist went to a South American tropical rain forest to study a newly described insect species in its native habitat.  In Davis during winter quarter, he sometimes ate lunch and then went for a jog around Putah Creek and back to Briggs Hall.  Thus, on his first day in the rain forest, during his lunch hour he ate and then went for a 5 mile jog; before completing it he felt faint, stopped, and then collapsed and lost consciousness.  The ambient temperature was 40C (105F) and the humidity was 98%. (L11)

a) Discuss the possible reasons for the faint, including analyses of both the physiological and ambient conditions. (Answers provided by Dr. Gray)

Physiologic conditions:

· GI tract vessel dilation due to neurogenic, metabolic, and hormonal stimuli arising in gut

· Skin vessels maximally dilated due to local VSM response to heat and signals from hypothalamus

· Skeletal muscle vessels maximally dilated in legs and possibly arms due to exercise

Ambient conditions:

· Temperature above body temperature prevents radiation of heat from skin surface

· Humidity prevents loss of body heat by evaporation

Reason for the faint: Widespread vasodilation may lower TPR to such a degree that it lowers MAP even though the heart is working hard to increase cardiac output and keep MAP in the normal range.  Since HR increases with body temperature, his HR would be high because of the temperature and exercise.  MAP may also be low because of the decrease in blood volume that occurs with intense sweating.  The low MAP compromises cerebral blood flow and the person faints due to lack of oxygen to the brain.  This is called ‘heat stroke’.

b) Explain how that combination of conditions could have overwhelmed certain homeostatic mechanisms which normally protect the body.

In Davis: in the cool winter weather, the jog from his office to Putah Creek was less than a mile and he was able to jog it without ill effect, even after eating lunch, probably because he could efficiently get rid of his body heat, his CO was able to keep MAP up, and vasoconstriction in non-involved organs could contribute blood flow to support his exercise.  

In the tropical rain forest: because of the intense heat and humidity and the longer run, his heart was not able to maintain MAP in the face of low TPR.  Remember that a normal MAP is due to both peripheral resistance and heart control mechanisms.  In addition to thermoregulation, some of the relevant homeostatic mechanisms which might be involved in the body’s response to the environmental and exercise stresses are:

Baroreceptor reflex: When MAP is low there is decreased stretch of the carotid and aortic baroreceptors; the medulla initiates a response which includes sympathetic vasoconstriction of arterioles and venules, epinephrine and NE release from the adrenal medulla, and increased myocardial contractility and heart rate.  Even though the reflex would try to neurogenically constrict vessels, the magnitude of the local vasodilator effects of heat and metabolites in muscle, skin, and GI tract could overcome the vasoconstriction.

Cardiopulmonary (Atrial volume) reflex: If blood volume falls due to loss of large volumes of sweat (up to 2L of volume can be lost) the atrial volume receptors would initiate vasoconstriction responses similar to the baroreceptor reflex.  It would also attempt to conserve water through increased action of ADH and aldosterone on kidney function.

Chemoreceptor reflex: Often as a result of low MAP, there is low/stagnant flow through the carotid and aortic bodies; these chemoreceptors need very high flow to provide sufficient levels of oxygen to support their high metabolic rate; the resultant stimulation of chemoreceptors initiates vasoconstriction effects similar to those of the baroreceptor reflex.  Additionally, the higher rate of oxygen usage of the whole body due to heat and exhaustive exercise might ( arterial PO2 and (pH enough to help trigger the chemoreceptor response.

Respiratory Mechanics & Alveolar Ventilation

12. What is the driving force determining whether air will move into or out of the lungs? (L12)

Air will move into the lungs if the pressure gradient goes from the mouth (equal to barometric pressure PB) downhill to the alveolar pressure (PA).  Since PB is conventionally set to zero, any negative PA will result in airflow into the lungs.

13. Describe dynamic compression of the airways during a forced expiration. (L12)

During a forced expiration, intrapleural pressure is increased in response to the contraction of the abdominal and internal intercostal musles.  Let’s say that this generates a PPL of  +25 cm H2O.  This pressure exerts its effects both on the alveoli and on the bronchial tree.  At the alveoli, the increased PPL combines with the elastic recoil force (+10 cm H2O) of the alveoli to create an increased driving pressure (+35 cm H2O).  A gradient of pressure is established from its origin in the alveoli (+35) to the mouth, where the pressure is 0 (barometric pressure).  However, the intrapleural pressure remains a constant +25 cm H2O along the path of the airway.  At some point the gradient established in the airway will reduce the intra airway pressure thus that PA will be lower than PPL . This means that the transthoracic pressure     (PA-PPL) is now negative, which will tend to collapse the airway (dynamic compression).  Airways have increasing amounts of cartilage as they ascend towards the mouth (alveoli have no cartilage, bronchioles have more, the trachea is almost completely cartilage).  This  tendency to collapse is counteracted by the stiffness (low compliance) of the cartilaginous  intrathoracic airways.  Airways with little cartilage are more compliant and CAN collapse in response to negative PL .  It is the dynamic compression of these airways that is the physiologic mechanism limiting the maximal rate of expiration at low lung volume.

14. Describe dynamic compression of the airways during normal quiet breathing. (L12)

During normal breathing, expiration is passive.  PPL ranges from –5 to –7, and PA  ranges from +1 to –1.  At no point in the airways is the pressure in the alveoli less than the pressure in the pleural space.  There is NO dynamic compression at rest in the normal lung.

15. Describe dynamic compression of the airways in a patient with emphysema. (L12)

In a patient with emphysem,a elastic tissue in the lung is destroyed and there is a corresponding increase in the compliance of the lung.  The lungs have less elastic recoil, so a more positive PPL is required to drive expiration.  The more you increase PPL the greater the likelihood that at some point along the airway the outside (intrapleural) pressure will exceed inside (alveolar/airway) pressure and cause a negative transthoracic pressure.  Due to the loss of structural support of the airways especially near the alveoli where there is proportionally less cartilage, the transmural difference between the intrapleural space and the airways is significant enough to collapse the airway and trap air in the alveoli.  Therefore, patients with emphysema have an increased FRC due to increased residual volume and have a difficult time exhaling air.

16. A 50 year old male presents with shortness of breath, dyspnea, and fatigue, which he has had for several              

      years.  He has been smoking ever since he was 15 years old and averages about 1 pack/day.  Physical exam 

      reveals a cachectic man with labored breathing through pursed lips and a distended thorax.  Lung volumes,    

      alveolar pressures, and intrapleural pressures were measured at functional residual capacity (FRC) and after 

      the inhalation of 1 liter of air.  The resulting data is listed below:

	Lung Volume
	Alveolar pressure (PA)
	Intrapleural pressure (PPL)
	Outside pressure (PB)

	5.0 L
	7 cm H2O
	0 cm H2O
	0 cm H2O

	4.0 L (FRC)
	0 cm H2O
	-5 cm H2O
	0 cm H2O


a.) Calculate the trans-pulmonary pressure (PL), trans-chest wall pressure (PCW), and trans-total pressure (PRS) at 5.0 L and at FRC (4.0 L).
PL, PCW, PRS are all transmural pressures and defined by the pressure inside a structure minus the pressure outside the structure.  For the trans-pulmonary pressure, for example, the pressure inside is the PA, while the pressure immediately outside the lung is the intrapleural pressure, PPL.  Therefore, the trans-pulmonary pressure is defined as PA – PPL.  

At 5.0 L, the corresponding values are:
At 4.0 L, the intramural pressures are:

PL = PA – PPL = 7 – 0 = 7 cm H2O

PL = 0 – (-5) = 5 cm H2O

PCW = PPL – PB = 0 – 0 = 0 cm H2O

PCW = -5 – 0 = -5 cm H2O

PRS = PA – PB = 7 – 0 = 7 cm H2O

PRS= 0 – 0 = 0 cm H2O

b.) Calculate the compliance of the lung (CL), chest wall (CCW), and of the system (CT). 

Compliance is a measure describing the distensibility of an object, defined mathematically as the change in volume divided by the change in pressure.  The compliance of the lung (CL) would therefore represent the distensibility of the lung parenchyma and would be mathematically described as the change in volume divided by the change in trans-pulmonary pressure (PL , the pressure across the lung parenchyma).  Therefore, the compliances of the lung, chest wall, and system are:

CL =   change in V     =   
5.0 – 4.0       =    1     = 0.5 L/cm H2O

         change in PL                PL(5.0) – PL(4.0)     7 – 5 

CCW = change in V    =          5.0 – 4.0       =      1       = 0.2 L/cm H2O


          change in PCW         PCW(5.0) – PCW(4.0)     0 – (-5)

CT =  change in V         =         5.0 –4.0          =      1     =  0.143 L/cm H2O

         change in PRS           PRS(5.0) – PRS(4.0)           7 - 0

Note: 1/CT = 1/CW + 1/CL, as 7 = 5 + 2

c.) With the information presented, give a diagnosis for the patient’s condition.  Explain.

At a glance, it seems that the patient’s CL is elevated above the normal value of 0.2 L/cm H2O.  However, we must calculate the specific compliance to directly compare the two values.  Compliance varies with increasing volume, a discrepancy that can be corrected by dividing the compliance by the volume.  In this case, the CL of the patient was 0.5 L/cm H2O at a FRC of 4.0 L.  The specific compliance would be 0.125.  Normally, CL is 0.2 L/cm H2O at a FRC of 2.5 L, giving a specific compliance of 0.08.  Since the specific compliance in the patient is higher than normal, his lungs are more distensible, suggesting chronic obstructive pulmonary disease (COPD), specifically emphysema. The physical evidence of pursed lipped breathing, his barrel chested frame, and his cachectic constitution, as well as a history of smoking corroborates the diagnosis of emphysema. 
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Compliance is increased for obstructive disease and decreased for restrictive diseases.

Obstructive diseases include asthma and emphysema.  Pulmonary fibrosis is a restrictive disease.

Notice the increased FRC in this patient, which is one of the signs of obstructive disease.

17. The patient above has decided to undergo a lung resection operation that would remove 50% of his lung tissue.  After the operation, his lung volumes, alveolar pressures, and intrapleural pressures were recorded at FRC (2.0L) and after inhalation of 1 L of air with the following results:

	Lung Volume
	PA
	PPL
	PB

	3.0
	11.25
	0
	0

	2.0
	0
	-5
	0


a.) Calculate the new CL.

PL at 3.0 L = PA – PPL = 11.25 – 0 = 11.25

PL at 2.0 L = 0 – (-5) = 5


CL = change in V           =         3.0 –2.0        =       1         =    1    = 0.16 L/cm H2O


         Change in PL             PL (3.0) – PL(2.0)   
11.25 – 5      6.25 

b.) Is his new CL now normal after his operation?

To answer this question, we must again consider the specific compliance.  His FRC has been halved after the operation to 2.0 L.  Therefore, his specific compliance is 0.16 / 2.0 = 0.08, which is normal.

18.  Describe in terms of anatomy and respiratory mechanics the process of quiet inspiration and expiration (L 13).

Remember: PA-PPL = PL
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	1) Rest (FRC)
a) outward force of chest wall balanced by inward collapse of alveoli

b) glottis is open

c) no flow occurs
	2) Inspiration begins (no flow until glottis opens)

a) respiratory muscles actively contract.

b) thoracic volume increases

c) PA becomes negative
	3) Inspiration- flow begins

a) glottis opens, allowing flow to occur from mouth (PB = 0) to alveoli (PA)

b) lung volume still increasing, chest wall continues to expand
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	4) Inspiration ending

a) PA returns to zero as pressure between mouth and alveoli equalize

b) flow continues until lung volume reaches VT and PA = 0

c) glottis closes
	5) Expiration begins- no flow yet

a) respiratory muscles relax

b) volume of lung begins to decrease from passive recoil

c) PA becomes positive
	6) Expiration- flow begins

a) PA > PB, flow begins when glottis opens

b) lung volume returns to FRC via passive recoil

c) expiratory flow until 

PA = PB = 0, at FRC


19. What is the Ventilation Equation? What variables determine PACO2?  What happens to PACO2 if alveolar ventilation (VA) goes down? Goes up? (L13)
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Thus, the partial pressure of CO2 in alveoli is determined by the amount of CO2 produced (VCO2 ) and the rate of CO2 eliminated (VA). If alveolar ventilation goes down (VA decreased), PACO2 will increase; conversely, if alveolar ventilation goes up (VA increased), PACO2 will decrease.

Also note that because the arterial blood CO2 (PaCO2) is in equilibrium with alveolar CO2 (PACO2 ), we can use PACO2 to estimate PaCO2.

20. What variables determine partial pressure of O2 in the alveoli? (L13)
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Therefore, alveolar oxygen levels are determined by the percentage of O2 (FIO2 = 0.21 in normal air), barometric pressure (PB = 760mmHg normally), the water vapor pressure (PH20 = 47mmHg normally), the alveolar CO2 tension (PACO2 = 40mmHg normally), and the respiratory quotient (R = CO2 production divided by O2 consumption = 0.8 normally). So PA02 normally equals 100mmHg; although this value may vary with different conditions. It is more important to realize the usefulness of this equation in calculating the "A" in the A‑a gradient.

Optional Questions

21. In an individual with emphysema, what would happen to the dead space?

The anatomical dead space would stay the same (i.e. The conducting airways would not increase), but the physiological dead space would increase (b/c the amount of nonperfused airspace would increase, such as when a bulla --large spaces/less surface area- form in the emphysematous lung).

22. How does pursed-lip breathing allow an emphysema patient to blow out more air?

In emphysema, not only the lungs overall elasticity, but the interstitial tissue around the airways become weakened. These two factors make it more difficult to expire because 1. the lungs elasticity is reduced and therefore the lungs don’t want to “shrink back down” as much as healthy lungs  2. When a patient with emphysema attempts to forcefully expire he increases the pressure in the pleural space which effectively clamps down the structurally weakened airways.  At high PPL, the difference between PPL and intra airway pressure (PAW) will immediately close off the airway. By breathing through pursed lips, the pressure within the airways is increased, opposing the PPL trying to close the airway.  In addition, by breathing slower, less PPL is generated, decreasing the collapsing force exerted upon the airway.  The overall result is more air expelled on expiration.

23. Draw separate compliance curves for the lung and chest wall.  Draw a compliance curve for the lung and chest wall together.  What volume is the lung at when the lung + chest wall system is at zero pressure? (L 13)
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	Compliance curves of the intact respiratory system (solid line) and isolated chest wall (CW) and lung (L) dashed lines.  Respiratory system pressure at any thoracic volume is a balance between elastic recoil of the lung and chest wall. FRC occurs when the lung and chest wall forces balance each other out.  Remember: FRC occurs at the end of quiet expiration, when there is no pressure gradient moving air into or out of the lungs.  
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