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Circulatory physiology 

  Suggested reading 
 Chapter 8 

  Topics to be covered 
 Roles of circulatory system 
 Design of circulatory systems 
 Elements of circulatory systems 

 Pumps 
 Blood vessels 

 Control of blood pressure and flow 
 Adjustments for exercise 

Shannon Zheng
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Shannon Zheng
-differentiate between "comparative" or "environmental" approaches to physiology and "biomedical" physiology
-comparative 
-biomedical: animals that can be used for human substitutes
-comparative: looks at everything that are not mice or rats vertebrates, invertebrates, looking at the relationships amongst different animal groups
-environmental: takes into account the environment in which the animal lives and tries to explain animal's physiology based on their environment 
-eg. high oxygen binding affinity in camel's hemoglobin suggests that the environment is a low oxygen environment. But they do not live in low oxygen environment so it suggests that characteristic was derived 

Shannon Zheng
-pulmonary circuit: blood vessels that carry blood to and from the lungs, serves as gas exchange (right side of the heart)
-systemic circuit: blood vessels that carry the functional blood supply to and from all body tissues (left side of the heart)
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Roles of the circulatory system 
Time to 95% equilibration of O2  

by diffusion 

1 mm ! 6.7 s 

1 cm ! 10.9 min 

1 m ! 78 days 

0.1 mm ! 0.067 s   What animals need a 
circulatory system, and why? 

  Once a circulatory system is 
in place, what else can it be 
used for? 

Shannon Zheng
-large animals, high demand for oxygen
-diffusion is not fast so larger animals need a circulatory system to get oxygen to their tissues (ex. mammals)
-animals that have a high metabolic rate, therefore benefit for circulatory system
-complexity of the animal, can be massive but doesn't need a circulatory system
-it is size and complexity that determines whether or not animal needs circulatory system
-as distance becomes larger, time for diffusion becomes larger
-if you have large distances, and large demand of oxygen then in need of a circulatory system because of the slow rate of diffusion
-add a convective system (circulatory system)

Shannon Zheng
-larger animals are more at risk for pathogens therefore benefit from a circulatory system 
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  Diffusion vs. convection 
  Size (time α d2) and metabolic rate are limiting factors 
  Diffusion is always the final step in O2 transport 
  Convection is essential for 

  Complex organ systems 
  To support high metabolic rates 
  To achieve large body mass 

  Circulatory system functions in 
  Rapid mass transportation of: 

  respiratory gases (except insects) 
  nutrients 
  waste products 
  hormones 

  Production of force: 
  Hydrostatic skeletons 
  Wing expansion in insects 
  Renal filtration and excretion in vertebrates (regulation of  

ECF volume) 

  antibodies 
  salts/acid-base  

equivalents 
  heat 

Fig. 33.34 Campbell & Reece 2002 
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Shannon Zheng
-circulatory system becomes important in sustaining salt and water balance of the internal environment, regulation, thermal regulation

Shannon Zheng
-inch worms, withdraw back hydrostatic legs in order to move, withdraw blood
-wing expansion is a product of force driven by the circulatory system
-filtration of the blood is driven by the circulatory system (secondary function) but an essential function
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Design of circulatory systems 

  Three essential components: 
(1) Pump (usually a heart): 
  Positive vs. negative forces 
  peristaltic pump 
  chamber pump with contractile walls 
  chamber pump driven by external forces 

(2) Vascular system 
  arterial system 
  capillaries 
  venous system 

(3) Circulating fluid 
 

Peripheral 
circulation 

Fig. 8.2 
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Shannon Zheng
-3 types of hearts
-all of the hearts work by pushing the blood (not sucking)
-Peristaltic: wave of contraction happens that pushes the fluid in front
-c) chamber muscle, requires valves to direct the flow of blood, this is the kind of heart that vertebrates/humans have
-external pump: require valves, venous return in the legs have large volumes surrounded by lower leg muscles, when muscles contract goes to heart

Shannon Zheng
-tubes
-animals differ greatly in vascular system
-can be minimal and fluid bathes tissue directly
-3 different types of tubes
-arteries: out towards the tissue
-cap: exchange between fluid and tissues
-veins: back to heart
-in an open system, capillaries are not there
-circulating fluid need something to pump
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  Two broad trends (with increases in metabolic rate): 
  Open → closed systems 

  Open system = incomplete system of vessels (invertebrates) 
 - low blood pressure and blood flow 

  Closed system (vertebrates, some invertebrates) 
 - high blood pressure (resistance provided by vessels) and  blood flow 
 - exchange occurs across capillaries 

  Undivided → divided systems 
  Separation of systemic and respiratory circulations  

(or oxygenated and deoxygenated blood) 
  Advantages 

  improved ability to control velocity and distribution of blood flow 
"  Allows increases in metabolic rate and body mass 

  higher pressures achieved 
"  enabled evolution of glomerular kidney 

Shannon Zheng
-open system: bathes tissues
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Shannon Zheng
-tendency to have separate pathways: one that carries blood to systemic tissues 
-reason is to better direct blood flow, and to achieve faster rate of oxygen 
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  Open systems 
  Invertebrates 
 Haemolymph pumped by heart empties into sinuses or lacunae to bathe 

tissues directly 
 High haemolymph volume (~30% body weight) 
 Low pressure (typically <10 torr) 
 Limited capacity to alter velocity and  

distribution of blood flow ! low max  
rate of O2 uptake 

Fig. 23.21, Hill et al. 2004 

Fig. 23.22, Hill et al. 2004 

Fig. 8.6 

Shannon Zheng
-incomplete series of vessels
-pumped by the heart
-enters series of arteries
-runs out and bathes the tissues directly
-blood pools to bathe the tissue directly
-collected by venous system to return back to the heart

Shannon Zheng
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-heart and nothing else

Shannon Zheng
-most hearts are positive 
-in these, there is a suction pump
-main problem is that there is little control of blood flow
-difficult to control distribution of flow
-systems are associated with low rates of oxygen delivery
-not a lot of resistance to fluid flow
-no blood in open systems have hemolymph instead (fluid that bathes the tissue)
-found only in invertebrates
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  Closed systems 
 Vertebrates, some invertebrates (cephalopods, annelids) 
 Blood flows in a continuous circuit of vessels 
 Blood volume typically 5-10% of body weight 

 ECF = blood + interstitial fluid 
 High pressure system because blood  

vessels provide resistance 
 Differential distribution of blood flow 
 Exchange occurs across capillary  

walls 
 Plasma proteins 
 Requirement for lymphatic system 

Fig. 8.5 

Fig. 8.12 

Shannon Zheng
-blood never leaves the network of vessels
-blood that is bathing the tissues is the interstitial fluid (have diff composition, do not find proteins in interstitial fluid)
-lymphatic system cleans
-blood and interstitial fluid have diff components
-ECF: extracellular fluid
-difficult to pump blood so need higher pressure
-much greater control
-higher metabolic rates

-insects: have a high metabolic rate but still no circulatory system, they are small and have a tracheal system

Shannon Zheng
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  What is the defining characteristic of a closed system? 

ΔP=QR 

Shannon Zheng
-open

Shannon Zheng
-closed

Shannon Zheng
-distinguishing feature
-vertebrates can pack more oxygen in their blood, meaning they do not have to move as much (hemoglobin)
-2 fish have to move less blood in the Crustaceans
-invertebrates don't have hemoglobin

Shannon Zheng
-major difference 
-closed systems have higher resistance
-if have closed, will have higher resistance than in open system

Shannon Zheng
-pressure, flow, and resistance
-product of the 2 things will lead to higher pressure

Shannon Zheng
-open: lower energy requirements
-closed: able to direct blood flow, high rates of oxygen demand, higher rates of oxygen delivery can be achieved
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  Evolutionary trends in closed systems 
 With increasing O2 uptake, see: 

 Shift from water- to air-breathing 
 Shift towards increasing blood pressure and flow 
 Shift towards increasing separation of oxy and deoxy circulation 

 
Fig. 14-35, Withers 1992 

Shannon Zheng
-lower pressure and lots of overlap between systemic and pulmonary

Shannon Zheng
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  Evolutionary trends in closed systems 
 With increasing O2 uptake, see: 

 Shift from water- to air-breathing 
 Shift towards increasing blood pressure and flow 
 Shift towards increasing separation of oxy and deoxy circulation 

 

Fig. 8.12 (fish, mammal); 
Fig. 9.11, 1st ed. (air-breathing fish, lizard) 

Fish 

Mammal 

Air-breathing fish 

Lizard 

Shannon Zheng
-mammals and birds have 2 separate hearts, one for lungs, one for systemic circulation

Shannon Zheng
-only one pump servicing both of the loops

Shannon Zheng
-not completely separate
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  Evolutionary trends in closed systems 
 With increasing O2 uptake, see: 

 Shift from water- to air-breathing 
 Shift towards increasing blood pressure and flow 
 Shift towards increasing separation of oxy and deoxy circulation 

 
Fig. 14-35, Withers 1992 

Mammal 

Air-breathing fish 

Lizard 

Fig. 8.12 (fish, mammal); 
Fig. 9.11, 1st ed. (air-breathing fish, lizard) 

Shannon Zheng
-single pump, sort of separate circuits and a lot of overlap because same pump pumping to both of them
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  Fish 
  4-chambered heart with chambers (sinus venosus, atrium, ventricle, 

bulbus or conus arteriosus) in series 
 Gills between heart and systemic circulation in single circulation 

 2 resistance beds in series 
 Require relatively high pressure 
 Gills must be able to withstand high  

pressure 

Fig. 9.15 

Fig. 8.12 

Shannon Zheng
-simplest circulatory in vertebrates
-has to generate enough pressure to get blood through these 2 sites of resistance
-blood goes to the gills first
-highest pressure found in gills
-gills have to be strong enough that they don't lose the blood in the water
-have to be able to withstand the blood pressure
-heart has 4 chambers

Shannon Zheng
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Shannon Zheng
What does the sinus venosus become in tetrapods?

Shannon Zheng
-2 sets of resistance
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  Birds/mammals 
 Lungs cannot withstand high pressure 

but need high pressure to systemic 
circulation 

 Separation of systemic and pulmonary 
circulations 

 Two pairs of heart chambers in parallel 
 Atrium and ventricle 
 Allows different input pressures to 

separate circuits 
 Requires equal total blood flow through 

separate circuits 

Fig. 14-8, Vander et al. 1994 

Shannon Zheng
-2 separate pumps
-one takes oxygenated blood from the lungs and sends it to the tissues
-comes back deoxygenated and pumps it to the lungs
-each heart has 2 chambers
-have to have low pressure for the lungs need slow flow, lungs cannot deal with significant pressure, if pressure in the lungs is too high or else explodes
-must have high pressure in systemic to achieve high rates of oxygenation
-solution is to have 2 pumps
-systemic has a high pressure
-pulmonary has a lower pressure as to not to damage the lungs
-different pressures for systemic and pulmonary
-consequence: have to have equal blood flow, can't shut one pump out
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  Intermittent air-breathers 
 Amphibians and reptiles 

 Separate atria  
 Variable degree of anatomical division 

in ventricle 
 Selective distribution of blood flow by 

mechanisms that are poorly understood 
 Same input pressure to pulmonary and 

systemic circulations 
 Differential distribution of blood flow to 

lungs, skin, body can occur 
 Advantage for intermittent breathing? 

Fig. 8.13 

Fig. 9.15 

Shannon Zheng
-incomplete separation of pulmonary and systemic circulation
-only one ventricle
-both end up in single ventricle so mixing
-effective in separating deoxygenated and oxygenated
-only one pump so can only generate one pressure
-have an animal with a lung so pressure has to be low
-overall pressure that can be achieved is limited by the pulmonary pressure
-low cost to run because low pressure
-can direct blood flow more easily than a mammal or a bird
-can shut down lung when appropriate
-depending if animal is swimming or sitting in air

Shannon Zheng
-lungfish are intermittent breathers
-need to breathe air
-have to have access to air
-don't breathe air often
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 Lungfish 
 Partial anatomic separation of conus arteriosus 
 Oxy blood from lungs returned directly to heart and preferentially directed to 

anterior branchial arches to systemic tissues 
 Deoxy blood from systemic tissues preferentially directed to posterior 

branchial arches for oxygenation at gills or lungs 
"  Bypasses lung via ductus if lung not ventilated 

Fig. 9.11, 1st ed 

Pulmonary 
vein 

(anterior; lack lamellae) 

(posterior; 
with lamellae) 

Conus arteriosus 

Shannon Zheng
-have a low metabolic rate
-closely related to tetrapods
-only a single heart: single atrium and single ventricle, a bit of a septum, incomplete
-good job in directing blood flow
-anterior gill arches are not used for gas exchange
-gives up oxygen to tissues
-posterior gill arches are involved in gas exchange
-ductus is closed
-by the end of 5 min. period, little oxygen 
-ductus opens and blood is directed to systemic circulation bypassing the lung

Shannon Zheng
-maximum pressure is whatever the lung can withstand
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Heart function 

  Structure (mammal) 
  2 atria, 2 ventricles 

 Right ! pulmonary 
 Left ! systemic 

 Valves 
 Atrioventricular 
 Aortic and pulmonary valves 

 Cardiac muscle 
 Strongly contractile cardiac muscle 

cells 
 Sinoatrial (SA) and atrioventricular 

(AV) nodes 
 Conducting system (atrioventricular 

bundle, Purkinje fibres) 
Fig. 12-4 Randall et al. 2002 

Shannon Zheng
-left ventricle muscles are bigger because need more force to pump oxygenated blood
-requirement for valves to direct the blood flow
-heart is made of muscle cells (cardiac muscle cells: striated, connected end to end and find gap junctions so that signals can be passed, innervated by ANS)

Shannon Zheng
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Shannon Zheng
-1%
-pacemaker have much less contraction
-able to spontaneously depolarize
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  Cardiac rhythm 
  Electrical activity initiated by 

pacemaker region 
  Neurogenic vs myogenic hearts 
  Pacemaker (sinus venosus or SA 

node) contains cells with fastest 
intrinsic rate of activity. 

  Vm in pacemaker cells is never 
stable 
  Slope → rate 
  100 depolarisations/min 
  Why? ! Na+ leak (funny channels) 

  APs spread via gap junctions 

Fig. 8.23 

Fig. 8.26 

threshold 

Shannon Zheng
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Shannon Zheng
Announcements
-sinus venosus becomes SA node
-describe bloodflow of lungfish circulatory system
-describe the pattern of blood flow in a lungfish that has just taken a breath. How would the pattern of blood flow be different just prior to taking a breath? What limits blood pressure in this animal?
Provide an example of an invertebrate:
-with an open circulatory system: insects
-with a closed circulatory system: worm
-that achieves high metabolic rate with an open circulatory system: flying insects

-Neurogenic: contract in response to signals from nervous system
-Myogenic: cardiomyocytes can produce spontaneous rhythmic depolarizations that initiate contraction
-Pacemaker cells: cardiomyocytes that determine the contraction rate for entire heart, initiate heartbeat
	-fish: located at sinus venosus
	-vertebrates: located at SA node

Shannon Zheng
-strongly contractile cells make up 99%
-pacemaker cells make up 1%
-in pacemaker cells, have a unstable resting membrane potential
-contractile have a stable resting membrane potential
-is unstable because of the leak channels (allowing sodium to enter the cells, sodium leaks into the pacemaker channels resulting in slow depolarization), don't need an external force, they set the heart rate
-when they fire they transmit their signal through gap junctions
-pacemaker cells function to initiate the heartbeat
-cells with the fastest depolarization initiates the heartbeat
-in the vertebrate heart it's the SA node that are the cells that have the fastest depolarization (so become the pacemaker cells)
-translates to a 100 HB/min
-pacemaker consists of pacemaker cells with the fastest rates of depolarization
-myogenic: pacemaker (vertebrates)
-neurogenic: activity is controlled by neurons
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  Transmission of excitation over the heart: 
  Spreads from SA node over both atria at 0.8 m s-1. 
  Electrical connection to ventricles at AV node – slow conduction (0.1 m s -1) 

"  Consequence? 
"    

  Conduction through AV bundle, left and right bundles and Purkinje fibres 
fast at 4-5 m s -1 

"  Consequence? 
"    

  What happens if the electrical  
connection between atria and 
ventricles is severed? 

Fig. 23.4, Hill et al. 2004 
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Shannon Zheng
-atrial cells and ventricular cells are connected through a connective tissue
-spreads conduction at atria and then atrioventricular
-SA fast, AV slow 
-*lets the atria contract first so that ventricles can fill*
-want all cells in the ventricle to contract at the same time

Shannon Zheng
-when connection is broken, other pacemakers will take over
-A: ectopic pacemaker
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  Electrocardiogram (ECG) 
  Summation of membrane potential changes across all 

heart cells 
  Normal mammalian ECG 

"  P wave  
"  QRS complex 
"  T wave  

Fig. 12-8 Randall et al. 2002 Fig. 23.6, Hill et al. 2004 

Shannon Zheng
-measurement of the summed muscle activity of all the muscle fibres

Shannon Zheng
-p occurs when the atria depolarizes
-qrs reflects ventricular depolarization (more cells)
-t is ventricular repolarization
-atrial repolarization is masked by QRS because ventricular depolarization is stronger
-presence of ectopic pacemaker can be a delay in p to qrs wave (gap)
-can appear separately
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  The heart as a pump 
 Systole vs diastole 
 Contraction triggered by depolarization 
 AP reflects: 
"  Voltage-gated Na+ channels open 
"  Voltage-gated Ca2+ channels then open 
"  Voltage-gated K+ channels close (then open) 
"  Note prolonged plateau phase and refractory  

period – significance? 
 Ca2+ entry + Ca2+-induced Ca2+ release  

activate the contractile apparatus 

Fig. 11-21, Hill et al. 2004 
Fig. 5.24 

Shannon Zheng
-role of contraction occurs in 99% of cells
-L type calcium channels are triggered to open by depolarization (calcium)
-k allows to repolarize and go to resting state
-long gap before these cells are able to fire again
-prolonged plateau: so that all of the heart cells can contract simultaneously (to function as a pump)
-refractory period: allows the ventricles to re-fill with blood
-heart cannot contract tetannically
-form of action potential overlap with contraction prevents tetany 
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 Stroke volume (SV) = volume ejected in a single heart beat 
 End-diastolic volume – end-systolic volume 
 End-diastolic volume determined by venous  

filling pressure 
 Atrial contraction increases ventricular volume  

by ~20-30% 
 To adjust SV (inotropic effects) 

  Increase filling (greater venous return) ! more  
forceful contraction 

 Frank-Starling relationship 
"  SV proportional to diastolic filling 
"  Stretch produces more forceful  

contraction 
"  Family of curves – role of neural  

or humoral factors 

 Cardiac output (Q or Vb) = SV x HR  
(~5 L min-1 in a 70-kg human or  
~25 mL kg-1 min-1 in                   ) 

Fig. 8.31 

Shannon Zheng
-SV amount of blood pumped out
-the more diastolic filling the more forceful it pumps
-heart is always emptied to the same degree
-need refractory period for heart to fill
-SV can be matched to the requirements of the body
a) -when end diastolic volume is low, cardiomyocytes are shorter than the optimal length needed for maximal contraction
-increasing end-diastolic volume stretches the muscle, increasing its length and increasing force generation

Shannon Zheng


Shannon Zheng
-adjust through humoral/sympathetic system
-sympathetic causes muscle cells to contract more forcefully 
-sympathetic helps when exercising

Shannon Zheng
-mechanical
-venous filling



BIO 3302 – SLIDE #22 

  To adjust HR (chronotropic effects) 
  Parasympathetic innervation 

 - ACh increases K+ conductance of 
pacemaker cells 

 - Negative chronotropic effect 
- vagal tone 

  Sympathetic innervation and catecholamines 
 - Increase Na+ and Ca2+ conductance 
 - Positive chronotropic effect 

Fig. 8.24 Fig. 8.25 

M2 

Me
m

br
an

e p
ot

en
tia

l (
m

V)
 

time 

control 
sympathetic stimulation 
parasympathetic stimulation 

pacemaker potential 

Threshold 
potential 

Shannon Zheng
-adjusting SV is inotropic effects
-affects are due to SA innervation
-opposing effects
-parasympathetic releases Ach and acts on muscarinic, when activated open potassium channels, slowing down the rate of depolarization
-b1 receptors open the funny channels and more rapid entry of sodium
-vagal tone pulls down the HR (dominates at rest) background level of activity

Shannon Zheng
-slope of pacemaker potential is slowed down in parasympathetic

Shannon Zheng
-steeper slope
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  Practise makes perfect... 
 Determine your SV assuming that Q = 5 L min-1. 
 What does your current HR suggest about activity in the 

sympathetic vs parasympathetic branches of your ANS? 
 How might an increase in HR affect SV? 

Shannon Zheng
-heart has less time to fill therefore, SV goes down
-increase HR when exercise
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Blood vessels 
  3 types of vessels on the 

basis of anatomy 
  arteries, capillaries, veins 
 All have endothelial cell 

lining 
 Arteries & veins have 

additional layers of 
connective tissue (elastic 
and collagenous fibres) and 
smooth muscle 

 Progressive sub-division 
 X-sectional area 
 Flow and velocity 

  On the basis of function? 
Figs. 12-23 and 12-25, Randall et al. 2002 
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Shannon Zheng
-Announcements
-Name 2 features that can be used to distinguish the APs of conducting vs. contractile cardiac muscle fibres
A: plateau in contractile (due to the voltage gated channel) plateau is absent in conducting cell, resting potential you have a slow increase in conductile cells, stable resting potential in the contractile cells
-Explain the functional significance of the 2 features noted above
-long refractory period is to allow the heart fill the blood, the long depolarization is to prevent heart go into tetany, long depolarization in contractile cells to give a long time for the cells to contract together for it to function as a pump, prevents multiple contractions (tetany), long depolarization to make sure all the cells contract, unstable resting in conductile cells: spontaneous depolarization that triggers an AP to trigger heart beat, contractile cells do not depolarize on their own, need an external stimulus to depolarize
-Sketch the Frank-Starling relationship (increase sympathetic)
-T or F: An increase in SV at a constant venous filling pressure can be achieved via the Frank-Starling effect
-How will administration of atropine (muscurinic cholergic receptor that mediates the effects of the parasympathetic system) (mAChR blocker) affect HR in a resting BIO 3302 student?, if block the effects of parasympathetic system, then will get a high HR
-The b1 blocker atenolol (treatment for high blood pressure) may be prescribed to treat hypertension. Why? b1 adrenergic receptor blockage, prevent heart from contracting quickly, decreases the force of contraction

Shannon Zheng
-capillaries have endothelial cell lining only
-arteries and veins have additional layers
-CT includes elastic and fibrous tissues, to give elastic and tension
-arteries subdivide into smaller and smaller vessels until the capillaries
-numerous capillaries, so total SA is the greatest in capillaries
-max. SA at capillaries (shown in red line)
-large SA means there is the lowest velocity of flow in the capillaries
-overall rate of flow is constant
-river flowing really fast, ocean flowing really slow, rate of flow is constant (5mL/min) in terms of distance travel
-important for the blood to stay there long enough for exchange (capillaries slow)
-velocity increases as SA becomes smaller
-resistance is how difficult it is to push blood through the tubes
-pressure starts high it falls 
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  Haemodynamic considerations 
 Pressure, resistance and flow 

 Ohm’s Law: V=IR 
 Analogous relationship for circulatory system:  
ΔP=QR  
"  ΔP = V (driving force) 
"  R = R 
"  Q = I (current or blood flow) 

 R α Lη/r4 
"  r = radius 
"  η = viscosity 
"  L = length 

 Poiseuille’s equation 
        
  Q =   π     ΔPr4 

8      Lη& Fig. 23.9, Hill et al. 2004 

ΔP = Pin - Pout 

Practise… 
•  If ΔP falls to half its normal value 

and R is unchanged, what 
happens to Q? 

•  If R doubles but Q is unchanged, 
what happens to ΔP? 

•  If R doubles while Q is halved, 
what happens to ΔP? 

Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng
-Q the blood flow is also halved

Shannon Zheng
-P (pressure) the driving force is also doubled

Shannon Zheng
-P the driving force stays the same

Shannon Zheng
-small changes in radius can greatly impact the resistance
-main determinant in resistance of the circulatory system is the radius
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 Practise makes perfect... 
 How does doubling the length of a straw and the viscosity of the fluid 

affect the difficulty (resistance) of sipping the fluid through the straw? 
 To maintain a constant intake of fluid under these conditions, how must 

pressure change? 
  If the radius of a blood vessel is halved, the pressure difference across 

the vessel must increase OR decrease (select one) by a factor of 
_________ to avoid a change in blood flow. 

Shannon Zheng
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Shannon Zheng
-creates more resistance/difficulty
-increases resistance by 4

Shannon Zheng
-increase pressure by 4

Shannon Zheng
-16
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 Assumptions of Poiseuille’s equation 
 Laminar flow 

"  Force required to slide adjacent 
layers past each other 

"  Viscosity = resistance to sliding 
(plasma ~1.8 x water, blood ~3-4x 
water) 

"  Turbulent flow = irregular, random, 
noisy 

"  Fahraeus-Lindqvist effect ! rbc’s 
accumulate in centre of 
bloodstream, reducing apparent 
viscosity (and resistance) for small 
blood vessels 

Fig. 23.9, Hill et al. 2004 

Fig. 6-6 Gordon et al. 1982 

Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng
-fluid is flowing in a laminar fashion (parabola)
-fastest flow is in the middle in a nice parallel fashion
-rare to see turbulent flow in the circulatory system 
-waterfall is turbulent flow
-viscosity: how difficult it is to get laminar flow, to get the layers sliding over each other
-plasma is more viscous than water, blood with blood cells in it is more viscous
-viscosity is constant
-HW: How is turbulent flow used to measure blood pressure?
-in small vessels, red blood cells tend to line up in the center when they enter, next to the walls is the plasma
-when even smaller, effect disappears because blood cells must force through
-Fahraeus-Lindqvist effect --> viscosity varies depending on the size of the tube
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  Straight, rigid tubes 
"  Blood vessels are not rigid tubes ! elastic 

fibres in walls allow distension 
"  So, increasing pressure increases r... and 

flow rates are higher at higher absolute  
pressures 

"  Compliance = Δvolume/Δpressure 
"  High distensibility → high compliance 
"  Large volume changes with little change in 

pressure 
"  Venous system has higher compliance → 

volume reservoir 
"  Arterial system → pressure reservoir 

20 10 

100 90 

ΔP = 10 
Which has higher Q? 

Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng


Shannon Zheng
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Shannon Zheng
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Shannon Zheng


Shannon Zheng
-higher absolute pressures have higher blood flow
-how much they stretch as compliance
-large veins has high compliance so it functions as the volume resevoir
-can add/remove without changing venous pressure
-allows venous to store blood or add blood
-arterial system is considered as a pressure reservoir
-venous pressure is maintained because it is compliant
-insufficient venous return when blood was removed from the venous system (usually doesn't happen because venous system is compliant)
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Fig. 19-2, Rhoades & Pflanzer 1992 

Fig. 12-27, 
Randall et al. 2002 

  Blood vessels by function 
(1) “Windkessel vessels” 
  Aorta, large arteries 
  Large r so low resistance, low pressure drop ! conduits 
  Elastic walls ! damp pressure oscillations and maintain continuous flow 
  Thick walled to withstand high pressures (Laplace’s Law !  

wall tension = radius x pressure across wall) 

Shannon Zheng
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Shannon Zheng
-refers to their ability to damp their pressure oscillations
-pressure in the ventricles (high P when ventricles contract, low P when ventricles relax)
-role of the aorta and large arteries is to dampen this
-have elastic elements so that the vessels expand (not very compliant) so pressure goes up and continues to exert pressure even as the heart is relaxing
-mean pressure is higher in the aorta
-maintain flow as the heart is relaxing
-get the blood from the heart to the periphery
-act as a conduit: big tube that moves blood from the heart out into the periphery
-large diameter allows them to move out into the periphery with little resistance
-have to have thick walls (Laplace's Law)
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(2) Pre-capillary resistance vessels 
  Smallest arteries, arterioles 
  Small r so highest resistance → greatest pressure drop 
  Muscular walls to control resistance and therefore 

"  Control over regional blood flow 
"  Control over blood pressure 

  Sympathetic nervous system,  
hormones, local chemical  
agents, metabolites 

Fig. 12-25, Randall et al. 2002 

Shannon Zheng
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Shannon Zheng
-arterioles: small vessels, small radius high resistance
-high resistance as a mechanism to control blood flow and blood pressure
-shutting down blood flow to the gut are done by the arterioles
-smooth muscle in the walls 
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(3) Pre-capillary sphincters 
  Determine capillary exchange 

area within tissue 
  Local chemical factors, 

metabolites 
(4) Capillaries 
  Thin-walled vessels → 

transfer site 
  Low velocity blood flow, long 

transit time (1-3 s) 
(5) Post-capillary resistance 
vessels 
  Venules and small veins 
  r can be adjusted → adjust 

resistance and hence affects 
pressure → enables 
adjustment of pressure across 
capillary beds 

Fig. 23.11, Hill et al. 2004 

Shannon Zheng
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Shannon Zheng
-point of regulating blood flow at the capillary bed
-within the tissue these pre-cap can direct blood at different places
-capillaries: one endothelial cell layer
-low velocity to allow time for exchange
-dense network
-blood moves from capillaries to venules and the small veins
-capillaries have no smooth muscle
-in the venules have smooth muscle
-if you have too much pressure in the capillaries, will leak out blood so role of arteioles and venules is to control that
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(6) Capacitance vessels 
  Veins 
  Compliant walls → volume reservoir  

(~50% of total blood volume) 
  Smooth muscle; sympathetic innervation 
  Major influence on cardiac output through venous return 
  e.g. Blood donation – loss of blood from venous reservoir 

associated with vasoconstriction to reduce volume.  Little 
pressure change, so little effect on venous return. 

  e.g. Standing perfectly still for too long! 

 

Vein 

Artery 

Shannon Zheng


Shannon Zheng
-large veins, very compliant walls
-allows them to function as a volume resevoir
-compliant is because they have smooth muscle
-veins are thin walled relative to the arteries
-arteries are dealing with a higher pressure to withstand that
-when stand still for too long, the skeletal muscle pump does not pump well
-veins are compliant, pressure doesn't change
-blood pools in veins, decrease venous return, decrease CO, decrease arterial pressure, decrease blood flow to brain, faint
-when goes horizontal, no gravity so blood able to flow back, skeletal muscle pump is working
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  Capillary function 
 Structure 

 ~1 mm long, 3-10 µm diametre 
 Endothelial cells, basement membrane 
 Extensive network, high surface area 

 Functions 
 Gas, nutrient and waste exchange 
 Fluid exchange (balance) 

 Exchange by diffusion 
 Fick equation: Amount transferred = 

gradient· permeability· SA/T 
 Concentration or partial pressure 

gradients 
 Permeability 

"  Lipid soluble vs lipid insoluble 
substances 

"  Capillaries vary in permeability 
 Transit time 

Fig. 8.11 

Shannon Zheng


Shannon Zheng
-numerous so highest SA
-maintaining fluid balance
-gradient can be concentration, partial pressure
-more permeable will allow things to pass through more easily
-the larger SA the more exchange is going to occur
-the greater the distance, the more slowly diffusion is going to occur
-thin walls to max. the rate of diffusion
a) continuous: narrow clefts, let water go through readily (small molecules), least permeable, (blood-brain barrier) tight protective layer anything that wants to go through the brain has to go through these 40 nm ie. found in most tissues, brain that lack the intercellular cleft (tight junctions)
b) 100 nm allow water ions, small molecules, not anything larger than a protein ie. kidney where blood is being filtered
c) sinusoidal capillaries: have big gaps between the cells, basement membrane (acellular mass of CT) is incomplete, holes in the wall of the capillaries and holes in the basement membrane, allow proteins and blood cells to pass ie. liver
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  Match capillary characteristics with tissue 
function to predict what type of capillary 
will be found in different tissues… 
  Gut 
  Nervous tissue, brain 
  Lungs 
  Muscle 
  Kidney 
  Liver 

Fig. 8.11 

Shannon Zheng
-cuff pumps up and stopping a major artery from flowing blood
-turbulent flow is the sounds of blood flow
-noisy turbulent flow because of the systolic pressure
-disappear when the flow becomes laminar again in diastolic pressure
-noise of turbulent flow then disappears
-arterial system functions as a pressure resevoir: high degree of elasticity, arteriole system have thick walls with elastic components
-venous system functions as a volume resevoir: because it doesn't exert back pressure, can add or subtract blood volume without changing pressure, smooth muscle that is under the control of the nervous system
-structure-function questions!!!
-gut, intestine: fenestrated, absorption of nutrients but no protein like enzymes
-nervous tissue, brain: continuous, tight barrier to prevent anything from getting into the sensitive areas of brain
-lungs: continuous, oxygen and carbon dioxide 
-muscle: continuous, oxygen and carbon dioxide can move through them quite readily, delivery of fatty acids (lipid soluble) so not a problem
-kidney: fenestrated, filtering of the blood, don't want to lose protein so mid-level permeability is appropriate
-liver: sinusoidal, breaks down proteins, site of protein synthesis
-bone marrow: sinusoidal, red blood cell addition to the blood
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  Fluid exchange 
 Convective exchange of fluids to maintain fluid balance  
 Driven by hydrostatic and osmotic pressure gradients 

"  Hydrostatic pressure: capillary > interstitial fluid → filtration force 
"  Colloid osmotic pressure: plasma > interstitial fluid → absorption force 

  - Plasma proteins (albumin) 
"  Net filtration pressure = (BP – PIF) – (OPblood – OPIF) 

 Starling-Landis hypothesis 
"  Arterial vs venous end of capillary 
"  net fluid loss and need for lymphatic  

  system 

Hydrostatic 
pressure (PIF) 

Hydrostatic 
pressure (BP) 

Osmotic 
pressure (OPIF) 

Osmotic 
pressure (OPblood) 

Absorption Filtration 

Fig. 12-38, Randall et al. 2002 

Shannon Zheng
-function of capillaries is to maintaining fluid balance
-maintaining the correct fluid balance
-interstitial fluids lack 
-OP draws water from interstitial fluid
-HP is close to 0 in the IF
-HP is high in the capillaries because of pumping
-net filtration pressure determines the direction of movement
-if positive, water out
-if negative, water in
-circulation of fluid with no net loss, maintain fluid balance
-proteins captured by lymphatic system

Shannon Zheng


Shannon Zheng
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OP = 28 mm Hg 
BP = 35 mm Hg 

OP = 3 mm Hg 

 Practise... 
"  Net filtration pressure? 
"  Assuming that interstitial fluid values and OPblood remain constant, 

what must BP fall to at venous end to prevent net loss of fluid?  

PIF = 0 mm Hg 
Arterial end Venous end 

Shannon Zheng
-combine with delta P QR 
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Fig. 8.41 

 Lymphatic system 
 Lymph capillaries 
"  Highly permeable walls 
"  Diffusion 

 How does fluid move? 
 Functions 
"  Return plasma proteins to circulation 
"  Drain extra fluid 

 Failure, e.g. filariasis? 
"  Oedema 
"  Other causes of oedema 

Shannon Zheng
-fluid, proteins returned to the circulatory system
-valves to ensure no back flow
-oedema: tissue swelling
-feet tend to swell
-area under eyes accumulate (bags) when lie down and gravity is lying equally, blood pressure in the face tends to be higher than when standing
-fluid can accumulate
-when lymphatic system can't keep up
-filariasis: when lymph vessels are blocked
-kwashiokor: malnourished, swollen in the abdomen, accumulate fluid
-plasma proteins fall, absorptive pressure is lower than filtration, HP goes up, net filtration pressure falls until filtration and absorption are balance
-abdomen is stretchier
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Control of regional circulation 
  Capillary blood flow to an organ reflects metabolism 

 Priority system: brain, heart & lungs/gills vs. gut, liver, muscles 
  Definitions 

  Ischemia 
 Hyperemia 

 Active hyperemia 
 Reactive hyperemia 

  Control mechanisms 
  local, neural and hormonal 
  arterioles vs. pre-capillary  

sphincters 

Example:   
Raynaud’s syndrome 

Cold-induced ischemia 
Rewarming – reactive hyperemia 

back 

Shannon Zheng
-metabolically active should get more blood
-blood flow is proportional to metabolic activity

Shannon Zheng
-lack of blood flow

Shannon Zheng
-higher than normal blood flow

Shannon Zheng
-exposure to cold experience lower blood flow
-people who have Raynaud's syndrome means no blood flow is going

Shannon Zheng
-higher than normal blood flow, reactive from ischemia

Shannon Zheng
-in response to exercise

Shannon Zheng
-arterioles: direct blood flow
-pre-capillary: regulate blood flow within that tissue
-types of control are different
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  Neural and hormonal mechanisms 
  Sympathetic nerves (adrenergic fibres) → release noradrenaline 

  α1-adrenergic receptors 
  vasomotor tone&

"  ↑ sympathetic stimulation → vasoconstriction 
"  ↓ sympathetic stimulation → vasodilation 

  viscera 
  Brain, heart, lungs/gills lack α-adrenoreceptors 

  Circulating catecholamines (adrenaline) 
  ß2-adrenoreceptors 
  Vasodilation 
  Skeletal muscle 

Sympathetic 
neurons 

Adrenal 
medulla 

NorAd Ad 

Arteriolar smooth 
muscle 

ß2 α1 

Shannon Zheng
-activation of alpha 1 increases calcium in the cytosol creating more contraction
-vasomotor tone: baseline level of activity in the sympathetic neurons 
-tonic activity: increase of activity, reduce activity
-valgal tone: in the heart
-viscera: well supplied with alpha 1 receptors
-arteriole smooth muscle 
-beta 2 promote vasodilation
-signal transduction in beta 2 causes calcium to decrease
-b2 common in skeletal muscle, rare in viscera

Shannon Zheng
Shannon Zheng 24 January, 2013 1:16 PM
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  Local control mechanisms 
 Arterioles vs. pre-capillary sphincters 
 Heat 
 Compounds produced by endothelial cells  

(e.g. nitric oxide) 
  Inflammatory mediators (e.g. histamine) 
 Metabolic control 

 Most active tissues → vasodilation → elevated 
blood flow (active hyperemia) 

  Independent of nerves or hormones 
 Metabolic activity: ↓ O2, ↑ CO2, ↑ [H+] (↓ pH),  
↑ adenosine (from ATP), ↑ heat, ↑ K+ 

 Highly developed in muscle 
 O2 ! systemic vs pulmonary capillaries 
 Raynaud’s? 
 

↑ Metabolic activity 

↑ metabolites, ↓ O2 

vasodilation 

↑ blood flow 

Active hyperemia 

Shannon Zheng
-heat causes blood vessels to dilate so more blood flow
-metabolic control: control blood flow without NS, hormones
-fallen oxygen when metabolic activity is high
-as ATP is broken down more adenosine is broken down
-systemic get a fall in oxygen by dilating
-pulmonary get a fall in oxygen by constricting
-Raynaud's strong response in the sympathetic nervous system
-SNS reacts to cold
-reactive hyperemia
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Control of blood pressure 

  Control of blood pressure 
 Maintenance of blood flow to 

brain & heart, and then other 
tissues 

 Maintenance of tissue volume 
and composition 

  Chronic mechanisms 
 Based on adjustment of blood 

volume via control of fluid loss 
in urine 

 Requires hours to days 

↑ BP 

↑ urine flow rate 

↓ blood volume 

Chronic control of 
arterial blood pressure 

Shannon Zheng
-blood pressure is maintained
-adjusting the volume of blood
-if blood goes up, urine flow rate goes up
-
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  Acute mechanisms 
 Based on neural reflex arcs; act in seconds to minutes. 
 ΔP = QR 

 ΔP = arterial pressure - right atrial pressure ≈ arterial pressure  
 Q = cardiac output 
 R = total peripheral resistance 

 Q = SV · HR 
  In mammals, heart rate adjusted 

 Total peripheral resistance 
 Vasoconstriction or vasodilation 
 Arterioles vs venous system 

 Therefore, blood pressure is regulated by controlling heart rate (Q) 
and the diameter of arterioles (R) 
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  Neural reflex arcs 
 Peripheral sensory receptors and afferent 

pathways 
 Baroreceptors 

"  Respond to pressure as stretch of vessel 
wall 

"  Located in carotid sinus & aortic arch 
 Cardiovascular centre in medulla of CNS 
 Efferent output via ANS to effector organs 

 Heart  
 Smooth muscle of blood vessel walls 

"  Vasomotor tone (tonic activity) 
 Feedback loops 

 ↑ blood pressure → ↑ baroreceptor firing → 
integration in CNS → response →  
↓ blood pressure 

Fig. 14-59, Vander et al. 1994 

Fig. 14-60, Vander et al. 1994 

Shannon Zheng
-baroreceptors (sensory receptors) regulate blood pressure
-respond to the degree of stretch
-attribute it to an increase in bp
-located at 2 points
-aortic arch: distributing blood to the systemic circulation
-carotid sinus: large arteries that are running to the brain and they split (bit of swelling when they split called carotid sinus where barorecptors are located)
-regulates bp in the brain
-respond by increasing or decreasing AP
-as pressure falls, the rate of firing of baroreceptors fall
-information is sent to the cardiovascular centre
-information goes to the CV in the centre of the medulla
-effector organs are the heart and the smooth muscle walls
-goal is to keep blood pressure at a desired set point
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↑ arterial blood pressure 

↑ baroreceptor firing 

Vasomotor 
centre 

  venous tone 
  arterial tone   HR 

↓ arterial blood pressure 

   cardiac output    peripheral resistance 

  HR 
  SV 

   sympathetic 
activity (receptor?) 

   parasympathetic 
activity (nerve, receptor?) 

  sympathetic 
activity (receptor?) 

ΔP = QR 

Cardiac 
centre 

Shannon Zheng
-in brain stem

Shannon Zheng
-goes up and lowers heart rate
-vagus, M2

Shannon Zheng
-decreases and lowers heart rate
-b1
-HR and SV should both go down

Shannon Zheng
-dilate

Shannon Zheng
-decrease, alpha 1

Shannon Zheng
-lower

Shannon Zheng
-lower Q and R
-describe what happens when bp falls
-hypertension: chronic high blood pressure: decrease blood vessels, play around with blood vessel
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  Exercise&
  ↑ O2 consumption (5-10x) 
  ↑ heat dissipation 
  ↑ blood flow (up to 7x) 
  Redistribution of blood flow 
  Only small changes in arterial blood 

pressure ! How? 

Example: circulatory responses  
to exercise 

Fig. 14-67, Vander et al. 1994 

ΔP = QR 

Shannon Zheng
-Q goes up a lot
-but, P stays relatively the same
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  Circulatory responses: 
(1) Hyperemia in exercising muscles 

  Sympathetic cholinergic stimulation → anticipatory increase in blood 
flow 

  Active hyperemia in response to local metabolic changes 
(2) Increased cardiac output 

  ↑ sympathetic activity: +ve inotropic & +ve chronotropic effects and 
venous vasoconstriction (i.e. ↑ venous return) 

  ↑ venous return due to skeletal muscle pump 
(3) Peripheral vasoconstriction 

  Reduced blood flow to gut, kidney etc via sympathetic stimulation of 
α1-adrenoreceptors 

  Constant systemic blood pressure: 
  ↓ total peripheral resistance (muscle vasodilation > vasoconstriction 

elsewhere) but ↑ cardiac output 

ΔP = QR 
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Higher brain centres 

Cardiovascular centre 

↑ symp. activity 

Ach NorAd 

Skeletal 
muscle 

Heart Gut 
kidney Metabolic 

factors 

Vasodilation 
↑ Q 

Vasocon- 
striction 

Veins 

↑ venous 
return  
→ ↑ Q 

Exercise 

Shannon Zheng
-this dominates
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  Cardiac muscle (Ch. 5) 
 Striated muscle fibres 
  Joined end-to-end 

  intercalated discs 
 gap junctions 
 Functional syncytium 
 All-or-none contraction  

pattern 
 Autonomic nervous system 

(ANS) innervation 
 Fig. 17.19, Hill et al 2004 

REVIEW and/or BACKGROUND 

back 
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  Autonomic Nervous System (Ch. 7 pp 324-332) 
  Innervates smooth muscle, cardiac muscle and glands 
  Two divisions differing in anatomy, pharmacology and 

physiology 
  Normally have dual (both divisions), antagonistic 

(opposite effects) and reciprocal (one increases, the 
other decreases) innervation 

  Sympathetic 
  Dominates during stress 
  Sympathetic chain ganglia close to spinal cord provide 

for mass activation 
  Noradrenaline released at effector organ interacts with 

adrenergic receptors (α1, ß1, ß2) 
  Parasympathetic 

  Vegetative or housekeeping functions 
  Acetylcholine released at effector organ interacts with 

muscarinic cholinergic receptors 
Deep sleep 

(parasympathetic) 

ALARM! 
(sympathetic) 

back 

REVIEW and/or BACKGROUND 
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 Circulating catecholamines 
  Chromaffin cells - sympathetic postganglionic neurons without axons  
  Neurotransmitter released into blood (noradrenaline, adrenaline ! 

catecholamine hormones) 
  Chromaffin cells located 

"  Adrenal medulla – mammals 
"  Adrenal gland – birds, reptiles 
"  Associated with kidney tissue  

– amphibians, fish 

Fig. 7.20 

REVIEW and/or BACKGROUND 

back 
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  Reflex arcs in the vertebrate NS 

Fig. 7.1 

REVIEW and/or BACKGROUND 

Baroreceptors 

Cardiovascular centre in medulla 

Heart 
Smooth muscle of vasculature 

back 


