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SLIDE #2 – Roles of the circulatory system (CS)
What animals need a circulatory system, and why?
It comes back to the time it takes for oxygen (O2) to move back by diffusion, O2 has to enter cells and more around in cells by diffusion and the time required for diffusion depends on the distance over which O2 is moving. 
As distances get larger, the time for diffusion get larger quickly (x^2)
You can see it in the examples in the slide
The last 3 examples have an issue of diffusion distance, so what it means is the animals that are larger, need some kind of system to enhance the delivery rate of O2. 
The other factor that comes into play is metabolic rate (MR), the higher the MR the more O2 is required. 
Large animal and low MR you don’t need a circulatory system (Ex. a sponge)
Small animals with high MR need a circulatory system
Once a circulatory system is in place, what else can it be used for?
Waste removal
Cell to cell communication
Water and nutrients delivery
Immune system (T-Cells)
Signaling molecules (hormones)
Thermo regulation (heat)
It also regenerates force; fluid force regenerated by the circulatory system. 
Animals with a hydrostatic skeleton use this force to extend or enlarge their organs
Ex: monarch butterfly 
Life cycle of the monarch butterfly:
Monarch caterpillars use the CS to move
Once they are finished gorging themselves on milk wheat, they will from into a little chrysalis, and then they will emerge after 7-10 days with their wings all folded up. And the force that unfurrows their wings is again the hydrostatic force provided by the CS

SLIDE #3
One group of animals that is an exception to this basic idea that if you have a high MR you need a circulatory system: insects.
Insects have some of the highest known MR
But they don’t use their CS for O2 delivery
Why? They have a tracheal system (TS)
The TS circulates gas until its very close to the tissues and then O2 has to diffuse from the end of the TS into the mitochondria so that it keeps the distances very small
CS used for transportation of O2 except in insects

SLIDE #4
3 key elements:
1. Pump (usually a heart):
the pump pumps the fluid around the vessels
the pumps in CS work by pushing blood ahead of them, they generate force (positive pressure) as oppose to being suction pumps that pull the blood towards them
Three basic types of pumps that are usually recognized:
1. Peristaltic pump
· The type of heart you find in insects and in many crustaceans
· A tube (that is the heart) with muscular walls and a wave of contraction passes along the tube pushing the blood in front of it
· You have force generation and direction built into the same thing
· The direction in which the wave of contraction moves also determines the direction in which the blood moves 
2. Chamber pump with contractile walls 
· This is the type of heart humans have
· It consists of a muscular chamber, when the muscle contracts that squeezes the blood pushing it out
· But in order for the blood to move in the right direction, you need to have a series of valves to direct the flow
3. Chamber pump driven by external forces
· A chamber pump but the walls of the chamber are not muscular 
· The chamber is surrounded by an external factor like muscle that compresses it
· You need to have valves to direct the flow, because the external muscle will contract, squeezing the chamber and then the valves determine where the fluid goes  
· Ex: the large veins in the leg
· When you move your legs, muscle contractions squeeze those veins helping to return blood to the heart (type of pump that’s not a heart) 
2. Vascular system (or Peripheral circulation):
· Three basic types of tubes:
1. Arteries
· Takes blood from the heart to the periphery
2. Capillaries 
· Specialized for exchange of materials 
3. Veins 
· Collect blood from the periphery and bring it back to the heart
Not all three of them are present in all animals 
3. Circulating fluid:
· It can be blood or hemolith

SLIDE #5
Open and closed systems is where you see which tube is present
Open system
Animals that have an open CS do not have capillaries 
There is an incomplete set of vessels, blood will be pumped by the heart out towards the periphery and then it will leave the vessels
Closed system
The blood is in vessels the entire way (from leaving the heart to returning to the heart)

Two trends:
Animals with a high MR have closed CS
When MR goes up there tends to be more of a separation between blood flow that goes to the gas exchange organ (the respiratory circulation = deoxygenated blood) and blood flow to the rest of the tissues (the systemic circulation = oxygenated blood)
Why? The ability to better control the rate of blood flow and hence the rate of O2 delivery with a closed separated system
it all comes back to the MR and the speed and ease of O2 delivery 

SLIDE #6 (19:30)
Open systems
There are no capillaries
The fluid is pumped by the heart into a set of arteries from there it goes into the tissues directly (there is no exchange across capillaries) 
The circulating fluid is then collected up and returned back to the heart (and this may or may not involve come type of venous system)
Ex: crustacean 
Very reduced CS
It has a peristaltic heart 
One tube that basically directs blood flow 
The rest of the time, the fluid is circulating in sinuses directly in contact with the tissue
Ex: decapod crustacean (the ones that are good to eat: lobster, crab, crayfish)
Fairly complete CS
Has a heart
Series of arterial vessels directing the circulating fluid out to all parts of the animal, then leaves the vessels, bathes the tissues directly, and slowly circulates back towards the heart, with some help from veins particularly between the gills (where oxygenation is occurring) and returning form the gills to the heart 
In either case, the resistance provided by the vascular system is quite low
So it’s not difficult to pump blood or fluid through these tubes because it’s an incomplete set of tubes and the fluid eventually emerges into open spaces called sinuses or lacunae where it bathes in the tissues directly 
These are low resistant systems
Because you don’t require a lot of force to move the fluids through these vessels, they tend to be low pressure systems 
Keep in mind that it’s very difficult to direct flow with an open system
You cannot distinguish between the circulating fluid and the fluid that’s bathing the tissues directly 
Haemolymph is the circulating fluid in open CS (extra cellular fluid)

SLIDE #7
Closed systems
Has a complete set of vessels; continuous circuit of vessels:
The blood leaves the heart in arteries, an exchange between the tissues and the blood occurs in the capillaries, then the blood returns to the heart in veins
You find this system in all vertebrates (fish, amphibians, reptiles, mammals and birds) and in a number of invertebrates, particularly the ones that have a high MR like cephalopods (squid and octopus) or in animals that are using the CS for a hydrostatic skeleton (ex. earthworm)
Because the blood is circulating in the vessels all the time, the CS develops quite a resistance to flow and so higher pressures have to be generated to move the blood through the closed system of vessels 
They are considered to be high pressure systems, higher resistance systems 
Disadvantage: You have to generate more force to move the fluid around
Advantage: Much higher degree of control over the distribution and speed of blood flow (comparing to an open CS)
We can distinguish between the circulating fluid which is called blood and the fluid that bathes the tissues which is called the interstitial fluid
Blood contains blood cells (red blood cells) and it contains proteins in the plasma 
The interstitial fluid lacks both of these things
Keeping blood and interstitial fluid separate is important so things like plasma protein that escape from the blood into the interstitial fluid have to be collected up and brought back to the blood and this becomes the function of the lymphatic system
Together, the blood and the interstitial fluid make up the extra cellular fluid (ECF)

Recap: 
Open system
Low pressure
Low resistance 
Low flow

Closed system
High pressure
High resistance
High flow

SLIDE #8
The defining characteristic of a closed system is…
a. High blood pressure
b. High rates of blood flow
c. High systemic resistance
d. High heart rate
e. All of the above are characteristic of closed circulatory systems

If you look at the data, the systemic resistance is higher in the animals that have a closed CS (0.4 and 1.2) than the animals with an open CS (0.1 and 0.003)

Here there are animals with an open CS and a high flow. Why?
Note that the rate of O2 delivery is about the same in all 4 animals. They are all pretty similar in size. 
The two vertebrates have low heart rate and low stroke volume (=how much blood the heart is pumping) and therefore they are delivering less blood to the tissues 
In comparison to the two crustaceans that have high heart rate, relatively large volumes and are therefore pumping much more haemolyph to the tissues
But, the rate of O2 delivery is the same (key point here)
What does that tell us?
The vertebrates in this case can afford to have low blood flow cause there’s lots of O2 packed into the blood
Red blood cells are designed to carry O2
The invertebrates have to have high blood flow because there isn’t as much O2 in their blood 

SLIDE #9 (39:35)
Greater separation of the systemic circulation which is the blood flow going to all of the tissues except the gas exchange organ and the respiratory system (which is the CS going to the gas exchange organ)
Since we’re talking about vertebrates we’re primarily talking about lungs and gills
Here we have basic layouts of CS:
Again this is driven by MR
If you look within vertebrates all of whom have a closed CS, the animals with higher MR are air breathers (evolutionary shirt from breathing water and breathing air)
There’s a shift towards separating out the systemic and respiratory circulations 
The basic fish plan: the blood goes from the heart to the gills to the tissues and back to the heart
Contrast that with the mammalian and bird plan: you have two hearts, one of which is pumping blood to the systemic circulation and the other of which is pumping blood to the pulmonary circuit (lungs) 
In between these extremes we have amphibians, reptiles, air breathing fish where there is some degree of separate but not a complete one like in mammals and birds
Along with this anatomical shift, there are pressure differences 
If you look at the vertebrates that have less separation, they tend to have fairly similar pressures in the lungs and in the tissues 
If you look a the vertebrates that have a higher degree of anatomical separation, you find low pressure in the lungs and high pressure in the systemic circulation 
Why? Why do the lungs have low pressure? 

SLIDE #11
Fish
Blood is pumped by the heart, it goes to the gills, it’s oxygenated, the oxygenated blood is carried to the systemic tissues where it gives up it’s O2, the blood comes back to the heart
The problem with this CS is that the heart has to pump blood through the gills which are a site of resistance and the systemic circulation which is another site of resistance
So the heart has to generate relatively high pressures and the gills as the first point in the Cs are going to see relatively high pressure
Why is there low pressure in the pulmonary circuit?
Think of a water balloon. What happens when you throw it? SPLAT! Why does that work? Water vs. Air
Water generates more force
What you have in a mammalian lung you have a water balloon: on once side you have fluid and on the other side you have air
If the fluid pressure increases, fluid leaks out from the vessels into the air spaces and that’s a problem
What do you have in the fish gills? On one side you have blood and on the other side you have water (so two fluids)
It’s not as delicate because there isn’t that fluid pressure difference across the epithelium 
Fish gills receive blood of the highest pressure and they can withstand it because they have water on the other side of the gill 
Even so, the gill has to be relatively thin tissue in order for O2 uptake to occur
The fact that the gills follow the heart means pressure in the system as a whole is limited to what the gills can withstand 
You can’t typically have fish with very high blood pressure because very high blood pressure would blow apart the gills 
Even though gills are more robust than lungs they’re still relatively fragile
Fish are animals are animals with relatively low blood pressures
That’s a limitation of this circulatory design
The fish heart has 4 chambers in series
Blood enters the sinus venoses, it moves into the atrium, from there it moves into the ventricle and that’s where the main force occurs from the ventricle it moves into either the bulbus or the conus arteriosis 
these are two vessels that structurally are a little different but functionally they serve the same purpose which is to maintain blood flow when the heart relaxes (same function as the aorta in the mammal)
The deeper the animals goes the greater the atmosphere pressure and greater the pressure in gill tissues because it’s all fluid it’s doable
Gills don’t compress like lungs from atmosphere pressure 

SLIDE #12
Birds/Mammals
There are two 2 chambered hearts
The chambers are all physically together in the same organ but when you break that organ down you actually have two hearts side by side with each heart having two chambers
There is the left side of the heart (which is always on the right when you’re looking at a diagram) and the right side of the heart (which is always on the left when you’re looking at a diagram)
The left side of the heart: takes blood that is returning from the lungs and pumps it out to the systemic circulation (so to everywhere else) 
The right side of the heart: takes the blood that is retuning from the systemic circulation (deoxygenated blood) and it pumps it out to the lungs to be oxygenated 
Each half of the heart consists of an atrium and a ventricle 
It’s a two chambered pump, atrium and ventricle and there are two of them side-by-side left (for systemic) and right (for pulmonary)
You have to have low pressure in the pulmonary circuit or you’ll blow apart the lungs
But for birds and mammals who have high MR you have to have high pressure in the systemic circulation 
That is possible because in effect they have two hearts
The two halves of the hearts are operating independently 
The left ventricle can generate high pressure to send blood to the systemic circulation 
The right ventricle generates lower pressure to send blood to the pulmonary circuit
The only problem with this design: blood flow always has to go to both parts of it. As it comes back from the systemic circulation it has to go out to the pulmonary circuit there’s no way fro example when you’re holding your breath to stop blood flow to the lungs. 
That’s fine for mammals and birds because they’re always breathing air but what about frogs or reptiles or an air breathing fish? They don’t need to breathe all the time.

SLIDE #13
Intermittent air-breathers
These are animals typically of lower MR
Limited by their circulatory design
When you look first at amphibians and reptiles, if you look at the heart you find that there are two atria: one that’s collecting blood from the lungs and one that’s collecting blood from the systemic circulation 
Typically there is only one ventricle. It may be separated to come extent like in reptiles it’s separated from right to left ventricles partially. In amphibians like the frog there is one ventricle.
So deoxygenated blood from the tissues and oxygenated blood from the lungs come into the same ventricle then are pumped out to the lungs ant tissues
You’ll notice they’re using blue and red of oxygenated and deoxygenated blood 
Even though there is a single ventricle (or partially divided ventricle) the oxygenated and deoxygenated blood is relatively well separated (the mechanisms fro that are not really understood…GOD)
Mostly deoxygenated blood goes out to the lungs and oxygenated blood goes out towards the tissues 
You have a single pump, a single ventricle, directing blood to the lungs and to the tissues 
In this case, because there’s a SINGLE pump, pumping blood to both the lung and the systemic circulation blood pressure is limited to what the lung can withstand 
These are low pressure animals and therefore low MR animals
The advantage of this circulatory system design: when the animals is underwater holding it’s breath, the lung is useless, it simply reduced blood flow to the lung and directs it instead to the skin (because it can still take up oxygen across it’s skin even when it’s underwater)
When it surfaces again, and takes a breath of fresh air, then it will redirect blood flow to the lung
So it has the capacity to shunt blood to different organs depending on it’s requirements
You find the same basic plan in reptiles, there’s a little more separation in the ventricles but there’s still not enough to have different pressure for the lungs and systemic circulation 
You find the same system in the air breathing fish

SLIDE #14 (58:04)
Lungfish
They can actually drown if they don’t have access to air
They have a set of gills and a lung and a single heart
These are animals with relatively low MR they breathe when they’re just sitting there maybe once every 5 min
During the 5 min he’s underwater, he’s depleting the O2 in his lungs, he’s using it up
The lung is great when he’s just taken a breath but by the end of the 5 min there’s really no O2 left in the lung 
There’s a single 4 chambered heart, as the blood leaves the heart it’s directed to the gills
The gills are separating into the anterior gills (which are not used for O2 uptake) and the posterior gills (that are used for O2 uptake)
From the posterior gills the blood continues on either to the lung, if there is usable O2 in the lung, or if there is no usable O2 in the lung, there is a little vessel called the ductis that opens up and it directs the blood from the gill to the systemic tissues
Blood from the heart  anterior gills  tissues (primarily oxygenated blood)
Blood from the heart  posterior gills  lungs OR  tissues (primarily deoxygenated blood) 
Whether the ductis is open or closed determines whether the blood goes to the tissues or to the lungs 
It has to be a low pressure pump or else the lungs would be blown apart therefore there are low MR animals 

SLIDE #15
Here we have the mammal or the bird with complete separation
Two separate pumps, one for the pulmonary circuit and one for the systemic circuit
Very different pressure
At the top we have the air breathing fish
One pump, very low pressures 
In the middle we have the reptiles and amphibians
Pretty much no separation, pretty much no pressure difference 

SLIDE #16 
Explain how the design of the circulatory systems in a human versus a frog help determine the animals’ metabolic rate. (4 marks)
Amphibian s have only one pump where mammals have two 
In mammals there is more separation between lungs (pulmonary circuit) and systemic circulation
The functional consequence of that anatomical difference: humans are not limited to low pressure (two different pressure)
Pressure in amphibians is limited to what the lung can withstand 
Consequence to MR: Amphibians have low MR because they have low pressure and therefore lower rates of O2 delivery
Oxygenated vs. deoxygenated blood 
Frogs there’s more mixing of blood which limits MR
Advantage of frog circuit: capacity to direct blood and shunt flow to organs 
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SILDE #17
Structure
The mammalian and avian heart actually consist of two hearts in one organ
The two halves of the heart function as two separate pumps
The systemic pump on the left (right of the diagrams) 
Thicker walls allowing higher pressure to be achieved for the systemic circulation 
and the pulmonary pump on the right (left of the diagrams) 
thinner walls because there is less pressure pumping blood to the lungs than to the systemic circulation 
Blood that is returning form the lung, oxygenated blood, enters the left atrium, passes from there to the left ventricle and is pumped out to the systemic tissues. It’s deoxygenated in the systemic tissues and that deoxygenated blood comes back to the right atrium, the right ventricle, and is pumped out to the lung. 
Now the heart of a vertebrate is a chambered heart with a contractile walls
Based on that there has to be valves to direct blood flow 
So in the mammalian heart you find valves between the atria and the ventricles to control blood flow to have it move from the atrium into the ventricle and you find valves on the outflow of the ventricle (so between the ventricle and the aora or the ventricle and the pulmonary arteries) again to direct blood from the ventricle out to the tissues. 
The heart as a whole is made up of cardiac muscle
Cardiac muscle is a particular type of muscle tissue, it’s quite similar in structure to skeletal muscle 

REVIEW SLIDE #1
Skeletal muscle (REVIEW BIO 1140) 
Cardiac muscle fibers are considered to be striated because they contain sarcomeres 
Sarcomeres are these regular organizations thick and thin filaments that allow muscle contraction to occur 
When you look at this picture, you see the sarcomeres (structures that are packed with contractile fibers) 
Cardiac muscle fibers are typically quite short and they’re connected end to end at a structure called the intercalated disc
In the intercalated disc you find gap junctions 
Gap junctions are communicating junctions, and they allow electrical communication between the difference cells of the heart so that they can contract as a unit 

REVIEW SLIDE #2
The heart is innervated by the autonomic nervous system
There is a sematic nervous system that controls things like skeletal muscle movements so that you can write and talk 
Then there is the autonomic nervous system which controls bodily functions without you having o thing about them like heart rate, breathing rate, gut function
Within the autonomic nervous system, we see two divisions: the sympathetic division and the parasympathetic division
The sympathetic system is responsible for fight-or-flight alarm type situations
The neurotransmitter in this system is noradrenaline and it interacts with receptors in the tissues which are agernetic receptors 
We will see three of them farily commonly
In terms of the heart B1 (beta-1) receptors (shown in red) are the ones we’re gonna focus on
The parasympathetic system is responsible for house keeping or vegetative functions
It’s often called the rest-and-digest system because it’s responsible for taking care of those regular chores, making sure you function outside of alarm situations 
In the parasympathetic system, the neurotransmitter of interest is acidocholine (Ach) and it interacts with muscarinic cholinergic receptors in the effector organs
The one that we’re gonna talk about in the heart is the M2 receptor 
Both sympathetic and parasympathetic divisions are active and in most tissues you find innervated from both (like in the heart) but they have opposite effects 
So the sympathetic system will tend to increase HR to allow you to respond to an emergency situation
The parasympathetic system tends to lower HR like when you’re deeply asleep 
The two divisions typically show, dual innervation (two of them innervate the organ) and they have antagonistic (opposite) effects 
Because of this the autonomic nervous system allows good control over internal bodily functions without conscience control  

Back to structure…
Most of the heart is made up of cardiac muscle cells
These come in two types: 99% of the heart is made up of strongly contractile cardiac muscle cells (packed full of sarcomeres and responsible for generating force) and 1% are the cells of the conducting system, sometimes called pacemaker cells (they don’t have a whole lot of contractile apparatus and they’re specialized for controlling and coordinating the heart beat). 
These cells include the cells of the sino atrial (SA) node, the cells of the atrio ventricular node and then the other cells that form the conducting system that direct electrical activity over the heart as a whole

SLIDE #18
Cardiac rhythm
This is where the responsibility of the pacemakers lie 
What is unique about the pacemaker cells is that they have a resting potential that never rests (that’s unstable) 
If you think back to cells in general, most cell shave a membrane potential where the inside is negative and that is a stable resting potential like this one here (?) 
By contrast the pacemaker cells have a resting potential that’s gradually changing over time, it’s called: the pacemaker potential 
The presence of that changing resting potential is the key characteristic of a pacemaker cell
So why does this matter? The pacemaker cells slowly depolarize because of this changing membrane potential and when they reach a certain threshold, they trigger a certain action potential (AP) and that AP then triggers the heart beat 
The pacemaker cells initiate the heart beat and they also control the heart beat
How do we get this slow depolarization (pacemaker potential)? 
The pacemaker potential reflects the presence of a specific type of membrane channel called: the funny channel
It’s considered to be funny/odd because it is open and then slowly closes
It functions as a Na2+ leak channel
You’ll remember that sodium concentrations are low inside cells and high outside cells
Because of that, if a sodium channel is open, sodium ions tend to enter the cell
As those positive ions enter the cell they bring positive charge into the cell and the cell depolarizes
So this pacemaker potential, reflects the presence of these funny sodium leaking channels  
Also present in the cell are voltage gated calcium channels specifically T type 
Those voltage gated calcium channels open, and you get the AP
This is what initiates the heart beat
Because it’s a muscle cell that initiates it, vertebrate hearts are considered to be myogenic (modified muscle cells) vs. neurogenic in some invertebrates 
Once one cell has AP it spreads to the other cells in the heart through gap junction
The HR is then set by the cells that depolarize most quickly and these happen to be the cells of the sinus venosus in a fish or the SA node in a mammal
Those cells are pacemaker cells and they function as the pacemaker of the heart, they set the HR
The pacemaker cells in the human SA node fire at a rate of 100 times/min 
That means your HR should be 100 beats/min
Mine was 80 beats/min
Your hear beat is determined by more than just the pacemaker 
There is input to the heart from the sympathetic and parasympathetic nervous systems that regulate HR
If you eliminated those things then you should be at exactly 100 beats/min

SLIDE #19 (17:50)
What happens after the pacemaker generates that initial AP?
That has to spread across the heart
The SA node is in the atrium of the mammalian heart and it fires first, it fires it’s AP first and that then spreads across the atria relatively quickly
It slows down when it gets to the atrio ventricular node 
Now, there is a layer of connective tissue between the two atria and the two ventricle
The cells of the atria are connected together by gap junctions 
The cells of the ventricle are connected together by gap junction
Bu the atria and the ventricle don’t talk to each other 
That layer of connective means there’s no electric communication between the atria and the ventricles except through this atria ventricular node
Conduction through that art of the system is quite slow o.1 m/s vs. o.8 m/s in the atria 
Once it gets through there it speeds up enormously shooting up the ventricles at a rate of 4 to 5 m/s
Why is it laid out this way? What are the consequences?
Electrical connection to ventricles at AV node – slow conduction (0.1 m/s). Consequence?
It means the atria contract and then the ventricle contract so the atria can help to fill the ventricles. By slowing down the signal, the atria will contact before the ventricle do. 
Conduction through AV bundle, left and right bundles and Purkinje fibers fast at 4-5m/s. Consequence?
You want the ventricles to contract as a unit. The heart will not function as a pump if some cells are contracting and others are not. For it to function as a pump, the muscle cells in the ventricle all have to contract together. The way to get that to happen is get the signal triggering contraction move across the ventricles very quickly. 
What happens if the electrical connection between atria and ventricles is severed?
The ventricles don’t stop beating…why? The conducting system, the 1% of the cells that are pacemaker cells, is present in the ventricle as well as the atria. And one of those cells will take over and start triggering the heart beat in the ventricle, so you end up with what’s called an ectopic pacemaker. You have one pacemaker for the atria beating away, the SA node is beating just fine, the atria are beating away and the ventricles another cell has taken over as a pacemaker, you have an ectopic pacemaker the ventricles will still contract but there is not longer coordination in the hear beat between the atria and the ventricles. Is that a problem? People can survive by their heart isn’t functioning ideally. Solution: a manufactured pacemaker is implanted in the heart to control and coordinate for the whole thing.

SLIDE #20
There are so many cells undergoing this electrical change at the same time that we can actually pick up the signal in the body fluids as a whole
That occurs when we measure Electrocardiogram (ECG)
What is measured is not the AP of a cell but rather the consequence of all of those AP in the body fluids as a whole
It’s measured by placing electrodes on the body surface 
In the standard, mammalian ECG, you see:
a small wave called a P wave that affects the atria depolarizing
a larger wave the QRS which is the ventricles depolarizing 
a small T wave which is the repolarization of the ventricles
you do not see the atria repolarization because it’s happening at the same time as the ventricles depolarization then it masks it
the value of the ECG is in trying to figure out what is going on in the heart

SLIDE #21
Consolidate your knowledge: Label the peaks in the ECG traced below (1.5 marks). Indicate the peak that represents ventricular depolarization (0.5 marks). As indicated by the arrows, the period between two of the peaks in this ECG trace is quite variable. What might be the cause of this variability? (1 mark)
The arrows refer between the atrial and ventricular depolarization (P wave and QRS complex) 
This is not normal
What is causing it? Some sort of a block between the SA node and the AP bundle, a partial block so it’s not triggering perfectly every time (getting a bit of a delay) 

SLIDE #22
The heart as a pump
The electrical activity in the conducting system, has to be turned into muscle contraction in the 99% of the heart cells that are contractile cells 
To get those cells to contract they first have to depolarize so you need a muscle AP in this strongly contractile cells
And their AP looks like this: (diagram)
Note there is a stable resting potential, there’s a strong depolarization, then there’s a plateau phase
Compare: the stable resting membrane potential in the contractile cell vs. the unstable pacemaker potential in the pacemaker cell
The pacemaker cell lack that plateau region that you see in the strongly contractile cells
When it is triggered, it undergoes depolarization: rapid increase of sodium, a sodium channel opens allowing sodium to pour into the cell and giving you this strong depolarization
There is also a voltage gated calcium channel that opens, that happens a little bit later and it’s the calcium channel that stays open for a while and that is how you get this plateau region 
This is an L-type voltage gated calcium channel (remember that in the pacemaker cell we saw a T-type voltage gated calcium channel)
Whole it seems like a minute difference, if you know anyone that’s taking calcium channel blockers to regulate heart function, or for blood pressure regulation or because they have rhino syndrome
then that very tinny difference matters enormously to them, because you do not take T-type calcium channel blockers because if you did you might stop the heart instead you take L-type calcium channel blockers because that effects muscle contraction rater than the timing of the muscle 
sodium channel opening give you depolarization 
calcium channel opening give you that plateau region
the cell repolarizes and that reflect a potassium channel that opens late in the day that allows potassium ions to flow out 
this gives you the contractile cell AP
the flow of calcium into the cell triggers calcium release from stores within the cell
so calcium induced calcium release 
you not only have calcium moving into the cell through the voltage gated calcium channels but also have calcium being released from stored inside the cell
The release of that calcium then triggers muscle contraction

The plateau region, why does it matter?
The long plateau region allows a long contraction. Why does that matter? It allows all of the muscle cells to contract at the same time.
What is not shown on these diagrams is that there’s a relatively long refractory period, the refractory period is when the cell is resetting before it can trigger another AP. So these strongly contractile cells have a long plateau within the AP and then a long pause until they can generate another contraction. Why does this long refractory period matter?
You need everything to reset, but it’s particularly long in heart muscle cells why? It allows the muscle cells to reset and at the same time allows the heart to fill with blood. 

Muscle cramps are titanic contractions. They are contractions that are long and uncontrolled
The other advantage of this type of situation is that the heart can’t go into a titanic contraction
You can’t get a muscle cramp in your heart
The long plateau region prevents titanic contractions

SLIDE #23
Strove volume (SV)
In terms of moving blood out of the heart (after all this is the goal) couple of terms: systoly and diastoly 
Systoly is when the heart is contracting 
Diastoly is when the heart is relaxing
The volume of blood pumped by the heart is the SV so when the heart contracts, it eject a volume of blood called the SV
And that is the difference in volume between the heart when it’s full so the end-diastolic volume and the heart after it contracts so the end-systolic volume (=SV)
Most of the filling of the ventricles is due to venus pressure
The valve between the atria and the ventricles is open and blood is simply flowing into the ventricles through the atria driven by venus pressure
The atrial contraction helps but it’s only responsible for about 1/3 of the volume in the ventricle
For the animal to function properly, you need to be able to match output from the heart with the needs for oxygen delivery
A soon as you start exercises, you need more oxygen, your heart speeds up and pumps more blood to deliver more oxygen to the exercising tissues
How do you achieve that?
One way is to increase HR but at the same time you also need to increase SV so that the volume of blood pumped by the heart gets bigger
To adjust SV (inotropic effects) Regulation of SV is referred to inotropic control and it’s caused by both a mechanical relationship and by neuro and hormonal control
The mechanical relationship is the Frank-Starling relationship
This relationship is shown in the upper diagram, it shows that as end-diastolic volume increases (so as you fill the heart fuller), SV also increases
So if you fill the heart fuller, it responds by contracting more forcefully by dejecting more blood
Heart blood volume  SV  = Frank-Starling relationship
It’s called a mechanical relationship because when you fill the heart fuller, you stretch the heart muscle and it responds by contracting more forcefully 
This is really important because you always want to empty the heart to the same point 
Neuro and hormonal control come into play so that when the HR goes up the SV doesn’t go down
The sympathetic nerves innervate the ventricles, the strongly contractile muscle cells, they release noradrenaline which acts on B1 adrenergic receptors
this increases the force of contraction so that as you add sympathetic activity (green line is basal level) at any given volume (x axis) you get more blood out of the heart and if you decrease sympathetic activity you get less blood out of the heart
That is an effect of sympathetic control and therefore you end up with a whole family of these Frank-Starling curves
The Frank-Starling relationship describes the change in SV for a change in filling and for any given level of sympathetic stimulation you have a specific Frank-Starling curve 
Here’s the Frank-Starling curve for the basal or tonic level of sympathetic activity, so as we increase end-diastolic volume, SV also changes 
If we change the level of sympathetic activity (either down or up), we get a new F-S curve at that level of stimulation

Circulating catecholamine (adrenal gland)  adrenaline and noradrenaline 
The cell that you find in the center of the adrenal gland are essentially sympathetic neurons but instead of releasing neuro transmitter onto a nerve they release their neurotransmitter into the blood and it circulates as a hormone
Noradrenaline is release by sympathetic neurons, but it also circulates as a hormone, the catecholamine hormones which are responsible again for the Fight-or-Flight response
Sympathetic activity can regulate SV but so can circulating catecholamine. So either circulating adrenaline or neuronal noradrenaline can regulate SV by acting on these B1 adrenergic receptors 

Cardiac output (Q or Vb) = SV x HR
Q = 70 mL x 80 beats/min  Q = 5600 mL/min = 5.6 L/min (average is around 5 L/min)
There is around 5 L in a human body so all of the blood cycles through the whole body in around 1 min 

SLIDE #24
To adjust HR (chronotropic effects) you can either increase or decrease HR 
Unlike the ventricles that are innervated only by the sympathetic system, the pacemaker is innervated by both the sympathetic and parasympathetic system
The pacemaker contains B1 adrenergic receptors, that are activated by the sympathetic nervous system or by circulating catecholamine 
It also contains M2 muscarinic receptors that are activated by acidocholine (ACh) that are released by the parasympathetic system 
You have dual control over HR
The sympathetic system causes it to increase (Fight-or-Flight)
The parasympathetic system causes it to decrease (Rest-and-Digest)
These consequences of sympathetic and parasympathetic activity are through effects on the pacemaker potential 
In the case of the sympathetic nervous system, when the B1 receptor is activated by adrenaline and noradrenaline it acts to effectively open the sodium channels more so you get a faster depolarization, a faster pacemaker potential 
When Ach from the parasympathetic nerves acts on M2 receptors, it has the effect of opening a potassium channel 
When you open that potassium channel, positively charged ions can escape from the cell and therefore it depolarizes more slowly. You’re not accumulating positive charges as quickly, you’re losing some of them and therefore the cells depolarizes more slowly and the consequence is a slower HR.
At rest both of these systems are active. So you have sympathetic tone which is helping to set the resting HR and you have parasympathetic tone and the parasympathetic nerve that is going to the heart is the vagas nerve 
It’s often called vagal tone 
You have vagal tone to the heart that again is helping to set the resting HR
Draw sympathetic and parasympathetic stimulations. The pacemaker potential is the only thing that changes (the AP that follows is exactly the same): in the sympathetic stimulation the pacemaker potential is steeper so it hits the threshold sooner and in the parasympathetic stimulation the pacemaker potential is slower so it comes later
The effects on HR are on the pacemaker potential itself 

SLIDE #25
How might an increase in HR affect SV?
If you make the heart go faster, the less time there is to fill the heart so SV will fall
What prevents that from happening? Increase sympathetic activity will increase contractility
What does your current HR suggest about activity in the sympathetic branches of your ANS?
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SLIDE #26
anatomically we identify 3 types of blood vessels 
1. arteries
2. capillaries
3. veins
all three of them are lined by a set of cells called endothelial cells
these are the cells that the blood is in contact with 
they’re just a type of epithelial cells lying on a basement membrane 
in the capillaries that’s all that’s there, the wall are only one cell thick, this endothelial cell layer
in arteries and veins there are, on top of this endothelial cell layer, layers of connective tissue and smooth muscle
the connective tissue includes both elastic elements to give some flexibility to the muscle and collagen so that they don’t have too much flexibility 
if we look at how these vessel are arranged, blood leave the heart typically in a single large artery which then splits into progressively smaller arteries and then arterials with the arterials leading into the capillaries
the capillaries are the smallest vessels but they are also the most numerous and as a result of that, the surface areas of the CS is highest in the range of the capillaries 
the red line shows you the surface area of the CS
it’s lowest at the single vessel (artery) and it progressively increases peaking at the capillaries
the capillaries then coalesce (merge) into venuals and veins eventually leading back to a single vessel that returns blood to the heart 
why does this surface area matter?
We talked about the capillaries as the site of exchange between the blood and the tissues
For effective exchange, you want the largest surface area possible 
The other effect of this large surface area means that the velocity of blood flow in the capillaries is very low
Flow = volume per unit time
Velocity = speed of movement of the blood
The flow from a human heart is about 5L/min and that means there’s about 5L/min going through the entire CS
Blood flow is fairly constant across the CS as a whole
But when the blood is flowing through the single vessels, it’s a very narrow channel and so the blood flows at high velocity
By contrast, when the blood flows through the capillaries, it’s a very broad channel (if you take al the capillaries together) and therefore the velocity of flow is very slow
It’s easiest to think about this in terms of a river: water passing down through the Grand Cannon is channeled through a narrow river and therefore the speed of the water flow is very high. As it approaches an ocean it opens up to a delta, a very broad area of very low water flow
High velocity of low as the blood leaves the heart
As the area gets larger in the capillaries, the velocity of blood movement falls
This is important as the capillaries are the site of exchange, low speed of blood flow through the capillaries allows time for the exchange to occur
What drives blood flow through the CS is the pressure generated by the heart and that pressure has to drive blood flow through resistance 
The smaller vessels (arterials, capillaries and venuals) provide the most resistance (hardest to get the blood through them)
As blood passes from the artery leaving the heart and comes back to the heart leaving through a vein, blood pressure falls
The force is being used to drive blood passed the resistance provided by the vessels
These relationships between force or blood pressure, resistance and flow are important in figuring out how the CS works 
Although we only identify three types of blood vessels on the basis of anatomy, if you look at how they work within the animal you can identify a bunch of different types, based on the different relationships amongst flow, pressure and resistance

SLIDE #27 (5:56)
Hemodynamics 
Ohm’s law: V=IR
V: voltage drop
I: current
R: resistance
Pressure in the CS works exactly the same way: ∆P=QR
∆P: driving force (pressure drop)
Q: blood flow
R: resistance (to blood flow)
The pressure required to drive blood around the CS is set by blood flow and the resistance to blood flow
∆P: the difference in pressure over the area you’re considering
if I look at a single vessel, ∆P is the difference between blood entering the vessel and blood leaving the vessel 
∆P=P(in)-P(out)  the pressure drop
blood pressure = ∆P but in this case, the difference is between leaving the heart and blood coming back from the heart 

If ∆P falls to half of its normal value and R is unchanged, what happens to Q? Q falls to half
Pressure falls to half the normal value and resistance is the same, the only way for that to happen is for blood flow also to fall
If R doubles but Q is unchanged, what happens to ∆P? ∆P is doubled
If you double the resistance and you try to get the same amount of blood flow through that double resistance you need twice as much pressure
If R doubles while Q is halved, what happens to ∆P? ∆P stays the same 
If resistance doubles and you’re willing to live with half the blood flow then pressure can stay the same 

SLIDE #28
Example of the straw to explain resistance:
Would you rather drink a smoothie with a straw that’s wide or skinny?
Pink straw…why? Large radius, less effort to take a large amount of drink
Do you prefer a long straw or short straw?
Short, less distance makes it easier to suck up the drink
More drink for less effort
R α Lη/r^4
r: radius
η: viscosity
L= length 
R^4 (to the 4th power) means it has a huge impact 
As the radius gets smaller the resistance increases to the 4th power
Small changes in radius have a large impact on resistance
Other thing that comes into play is the viscosity of the drink 
If we were talking about a glass of water (v. a smoothie) you can use any of those straws and it would matter
But since we’re talking about a thick smoothie, it’s more difficult to suck up the drink, there’s more resistance because of it’s viscosity 
We can take the equation above and stick back into ∆P=QR and rearrange a little bit by adding a proportionality constant to get the Poiseuille’s equation  
This equation describes flow as the function of the driving force (∆P) and the resistance (R= Lη/r^4)

SLIDE #29
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? Increases resistance by a factor of 4
To maintain a constant intake of fluid under these conditions, how must pressure change? 4 fold increase in pressure
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 16 to avoid a change in blood flow. 

SLIDE #30 (FINAL EXAM question from last year)
Using schematic diagram of the circulation of a fish below, calculate the branchial resistance (i.e the resistance across the gills) assuming cardiac output is 25 mL/min; please show your calculations. (2 marks)
R=∆P/Q = (35-25)/25 = 10/25 = 0.4 mmHg/mL/min
Systemic resistance (rather than branchial resistance)?
R=∆P/Q = (25-5)/25 = 20/25 = 0.8 mmHg/mL/min
Total resistance?
R=∆P/Q = (35-5)/25 = 30/25 = 1.2 mmHg/mL/min

SLIDE #31
Assumptions of Poiseuille’s equation
Assumption #1: laminar flow
Laminar flow is flow that shows this nice parabolic profile
All the layers of blood are sliding passed each other in a very organized fashion, you end up with this parabolic velocity profile where blood in the center is moving the fastest
Viscosity s the internal friction to try and get these layers of blood sliding passed each other 
Viscosity = resistance to sliding (pressure that’s needed to overcome the internal friction)
The CS has high resistance because the plasma has nearly twice the viscosity as water and when you add in the blood cells, so that you get blood as a whole, resistance is 3 to 4 times that of water 
The opposite of laminar flow is turbulent flow
Most places in the CS, flow is laminar (so the first assumption is met)
In a clinical setting, we make use of turbulent flow to measure blood pressure
Assumption #1a: viscosity is constant across the CS
That’s a pretty good assumption but there is one exception which is present in vessels that are quite small (around 0.3 mm in diameter)
This is a figure showing viscosity and radius 
If you look around 0.3mm, viscosity is lower than you would expect 
The reason for that, in these very small blood vessels, the blood cells line up down the middle of the vessel 
So rather than being scattered throughout the vessel, they tend to be lined up in the vessel and so what you have on the edges is plasma
The viscosity of plasma is less than that of blood
This organization of the blood cells into the center of the blood vessel reduces the apparent viscosity in these small blood vessels
That’s a good thing because it reduces the amount of work your heart has to do
It lowers resistance making it easier to get blood through those small vessels
This effect is called the Fahraeus-Lindqvist effect
Assumption #1b: the lengths of the blood vessel don’t change
So the main determinant of resistance in the Cs is the radius of the vessel

SLIDE #32
Assumption #2: straight, rigid tubes
Here we have a problem, blood vessels are rarely straight and they’re not rigid
This has important consequences for the predictions that we make based on Poiseuille’s equation
Here there are two vessels (drawing) with exactly the same pressure drop (∆P=10)
2010 (Low starting pressure has lower flow)
10090 (High starting pressure has higher flow)
Which has higher Q? 10090
What happens with high pressure with vessels that can change sizes?
If you put high pressure in a vessel that can expand, it will
If you have a higher starting pressure, that tends to stretch the vessel, it increase radius and lowers resistance
We take in into consideration by calculating something called compliance
Compliance = ∆V/∆P = Change in Volume/Change in Pressure
Vessels that are high compliant, you can see large changes in volume for only small changes in pressure 
This is an example for the basis of giving blood 
Your venous system has a vary high compliance
That means, you can take a liter of blood out of the venous system without affecting the blood pressure 
Because of that, the venous system tends to act like a volume reservoir because it has this high compliance 
And on the other, the arterial system acts like a pressure reservoir 

SLIDE #33
Blood vessels by function
1. “Windkessel vessels”
they include the aorta and the large arteries 
they’re function is to dampen pressure oscillations to maintain blood flow
here you have heart, a ventricle that’s beating ejection blood into the aorta, the aorta is not compliant (little bit elastic but low compliance) 
when the heart ejects blood into the aorta, the aorta stretches a little bit to accommodate that blood volume but then when the heart relaxes and starts to fill again, the stretch rebounds (elastic recoil)
that elastic recoil maintains blood pressure and blood flow while the heart is relaxed and not contracting 
if blood flow were determined solely by the ventricle, blood would flow when the heart is contracting and stop flowing when the heart relaxes (there would be nothing to drive the blood)
that’s what you see in terms of pressure oscillations in the ventricle 
it goes very high when the heart beats and goes down to 0 when the heart relaxes
what maintains blood flow when the heart is relaxing is this elastic recoil in the Windkessel vessels
they stretch slightly when the blood is flowing into them; pressure doesn’t increase much beyond what the ventricle is doing but when the ventricle is relaxing the elastic recoil of these vessels prevents pressure from dropping and therefore maintain blood flow 
Structure
the elastic elements that are in the aorta and the large arteries allow them to do their function (maintain blood flow)
these vessels also have thick walls, that is because they’re high pressure vessels and they have a large radius
those two things together mean that the pressure across the wall is very high and so they need to have thick walls to withstand that high pressure 
large radius  low resistance 
one of the functions of these vessels is to distribute the blood from the heart out to the periphery 
the most effective way of acting as a conduit is to be a low resistance vessel (so you’re not loosing a lot of pressure) 
their function is to serve as conduits, to dampen pressure oscillations and to maintain blood flow
the structure that go along with that are large radius, elastic walls and thick walls

SLIDE #34
2. Pre-capillary resistance vessels
Because of their small sixe, these vessels provide a high amount of resistance 
Small radius  high resistance 
If you look across the CS at pressure, pressure is maintained in the Windkessel vessels but it drops abruptly as the blood goes through the pre-capillary resistance vessels
Therefore these vessels can set blood pressure
They’re sued to regulate blood pressure and also to regulate blood flow
If you’re in the midst of a Fight-or-Flight situation, blood would be directed away from your intestine and towards your exercising muscles and that redirection of blood is accomplished by these vessels
Alternatively, if you’ve just eaten your lunch and your gut is busy digesting, you’ll have blood flow directed to the gut and sway from skeletal muscles and that redistribution of the blood is done by these vessels
Structure
Smooth muscle in the walls of these vessels
The radius can be adjusted by means of this smooth muscle
The smooth muscle is regulated by both the nervous system (sympathetic control) and the endocrine system (hormones) but also by local conditions
When you are exercising in the gym and your muscles are metabolically active and they’re producing more CO2 and more waste products, those local metabolic conditions will regulate blood flow so that you get increased blood flow to the exercising muscle 
Resistance goes up, pressure goes up

SLIDE #35
3. Pre-capillary sphincters
These are just little bands of smooth muscle leading into the capillary bed
They set blood flow but this time at a local level 
They’re not innervated, they respond to local conditions
So they help to determine where blood goes within the capillary bed
That takes blood from the heart to the capillaries

4. Cappilaries
Tin walled, small vessels, very numerous 
They form an extensive network so that any cell is predicted to be no more than three or more cells from a capillary 
They are the site of exchange 
The thin walls and the high surface area help allow for that exchange
The high surface area end results in low velocity of flow are also important to allow exchange to occur in capillaries

5. Post-capillary resistance vessels
These are the venules and the smallest veins
The walls of these vessels contain smooth muscle so the radius can be adjusted to help control pressure within the capillary bed
Pressure increases upstream of a constriction 
So if you constrict the post-capillary resistance vessels, you get higher pressure in the capillaries
This is used to regulate pressure in the capillaries (because the capillaries don’t have any smooth muscle of their own)
Pressure within the capillary is set by what happens upstream and downstream of the capillaries

SLIDE #36 (46:27)
6. Capacitance vessels
These are the large veins
They’re highly distensible
The walls of these vessels are relatively thin
Their walls contain smooth muscle, so the radius can be adjusted to the amount of blood that’s’ present
That allows them to function as capacitance vessels
You can get large changes in volume with very little change in pressure 
This is important because they serve as a volume reservoir
When you give blood, blood is taken from the venous reservoir
When you exercise and you need to increase blood flow, volume is mobilized from the venous reservoir to increase blood flow to the exercising tissues 
All of this is possible because of the smooth muscle in the walls of these vessels
It adjusts the volume of the vessels to match the volume of the blood that’s there
Think about what happens when you don’t adjust the volume of the system to the volume of the blood that’s there…
Ex: you stand perfectly still for too long!
The skeletal muscle pumps can’t help return blood to the heart, you get blood pooling in the lower extremities and the consequence of that is…fainting!

SLIDE #37
Why does this happen?
Blood pooling  fainting
Blood pools in my venous system which has a high compliance, so the effect of gravity is to pull blood down and it can pool in the venous system (the skeletal muscle pump helps to return blood back to the heart)
What happens when blood pools in the venous system? Venous flow to the heart decreases 
If venous return to the heart falls, what happens to cardiac output? It also falls (Frank-Starling relationship) 
If cardiac output falls, what happens to blood flow to the brain? It’s also reduced 
And the consequence of that is fainting
If you don’t have constant flow to the brain your CS rearranges your position to make sure you do have constant flow to the brain :p (fainting: lying flat, put the brain on the same level as the heart…beats gravity)

SLIDE #38
For each of the following, identify the vessel (functional types) and list one structural characteristic of the vessel that is essential to its function.
a. These vessels serve to dampen pressure oscillations in blood leaving the heart, and to maintain blood slow while the heart relaxes. Windkessel vessels
Their large radius and their elastic walls
b. These vessels regulate blood flow and determine arterial blood pressure. Pre-Capillary resistance vessels (Small arteries and arterials)
Muscular walls, smooth muscles in the walls
c. These vessels serve as a volume reservoir. Capacitance vessels (veins)
Smooth muscles (allows high compliance)

SLIDE #39
Capillary function
Gas exchange: this occurs by diffusion 
The amount transferred depends on: 
the gradient and the gradient is set y partial pressures or concentration. 
permeability (the more permeable the walls, the more can get through them) 
the surface area (larger surface area allows for more diffusion)
it’s inversely proportional to the thickness of the wall (a thick wall is gonna be more difficult for a diffusion to come across than a thin all)
in terms of the capillaries, the gradients are set by the concentration or partial pressure gradience
if the cells are using O2, that gives you a partial pressure gradient for O2 of the blood to the tissues
they’re using up glucose that gives you a concentration gradient
they’re producing CO2, so that gives you a partial pressure gradient from the tissue back out to the blood
for permeability, it depends on whether the molecule is lipid soluble (like O2 and CO2) or water soluble (like glucose, ions, amino acids)
lipid soluble molecules can simply move through the walls of the capillary through the cell membranes (they diffuse without any problem)
water soluble compounds can only move through the walls of the capillaries either by being transported across the cells or by moving through water channels
this is permeability comes into play, because there are difference types of capillaries differing in their permeability, differing in the number of eater channels that are present 
a. continuous capillaries 
there really aren’t any major gaps
narrow intercellular clefs between the cells 4nm in width 
they will let through things like water and ions but there’s not way a protein can get through
in some areas there aren’t even intercellular clefs 
blood brain barrier: the capillaries in the brain have tight junctions rather than intercellular clefs so everything has to go through the cell
b. fenegerated capillary
they have holes or pores (80nm in diameter)
it increases the ease with which water molecules can cross through the walls but again the holes are too small for the proteins to go through
c. 
· great gaping holes between the cells
· holes that are large enough of a blood cell to get through
· as well as an incomplete basement membrane 
based on these different type of permeability, you find different types of capillaries in different types of tissues

SLIDE #40
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