MODULE 10- RESPIRATORY SYSTEM
1) Lung Function

Many of us really think of the lungs as only large balloons that inflate and deflate … but really they have multiple functions as listed on 10.2. You should know these!

2) Lung Anatomy:

Your lungs sit in a space called the thoracic cavity, which with the help of muscles, can change in volume causing your lungs to inflate and deflate (see Boyle’s law). The lungs themselves are surrounded by pleural membranes, with the visceral pleura directly touching the lungs and the parietal pleura touching the rib cage. This may be hard to visualize, but if you take a balloon and blow it up and then push your hand in the
center of it (hand representing your lung), the visceral pleura is touching your hand and the parietal pleura is the outside of the balloon. Rather than being filled with air though, the pleural space (known as the intrapleural space) is filled with pleural fluid. This sealed little “chamber” has a pressure associated with it called the intrapleural pressure (which is 756 mmHg). You’ll see soon that this is important. 

The lung itself kind of looks like a large tree. The trachea is like the trunk (where air enters on route to the alveoli), which then splits into 2 “branches” (bronchi) and then begins to branch more and more and more as it goes deeper into the lung. All these branches serve to deliver air to its final destination (alveoli).  Therefore, these branches “conduct” air and are considered the conducting zone of the lung. At the ends of the tiny branches are alveoli which are like little air filled grape-like structures.  Alveoli are super important for gas exchange because this is the ONLY site in the whole lung that gas exchange takes place. These little alveoli make up the respiratory zone of the lung (gas exchange “place”). What exchanging takes place here? We will talk about these details later on in this post.  Let’s just say that these millions of alveoli are all wrapped up with pulmonary capillaries. As deoxygenated blood is delivered to them by the pulmonary artery (This artery carries DEOXYGENATED BLOOD)…yes, in this case it does, the blood picks up oxygen and unloads excess carbon dioxide.

3) The pressure of it all…

Just as you learned in the last module that blood moved from a high pressure to a low pressure, guess what, SO DOES AIR. So this makes breathing easy to understand. 
To get air into the lungs, you must have a lower pressure inside rather than what is outside the lungs (or the air that you are breathing in). To empty the lungs, you must have a higher pressure inside the lungs compared to the outside so that air will move out.  Simple right!

A) But how can we change the pressure inside our lungs? Well, first we need to talk all about lung pressures!

All around us is air. Although many people just think of air as a whole lot of oxygen, really there is less oxygen than one may think. Only 21% of air is oxygen, with 78% being nitrogen (an inert gas that really doesn’t do much as far as our lungs are concerned) and a tiny little bit of carbon dioxide (0.03%). When you combine all the gases that are in the atmosphere (that is the air around us), they all collectively exert a pressure, which at sea level is considered to be 760 mmHg. So that is the pressure of the atmospheric air.  What about inside our lungs? As I just outlined, it depends on what the lungs are doing …inhaling, exhaling, between breaths? When our lungs are at rest (i.e. end expiration or end inspiration), no air is moving. Can you figure out then what the alveolar pressure (also known as the intrapulmonary pressure) might be? If you guessed the same as atmospheric, you’d be correct. If it were less, then air would be moving into the lungs and if it were more than 760 mmHg than air would be moving out. When it is the same as atmospheric, there is no gradient and air can’t move.

B) Do these pressures just spontaneously change? Well, no, not really. Here is how this happens. First important point is that we have a TRANSPULMONARY PRESSURE (know this calculation). This ever so important pressure keeps the lungs open. What do I mean by open? The lungs, even after you exhale never completely empty. This is so important because lungs that are completely empty become really, really hard to inflate again. Anyways, if you were to get a hole in the pleural space (like from a rib fracture or surgery), air would rush in (because the intrapleural air pressure is lower than atmospheric pressure). This situation, known as pneumothorax, creates a zero transpulmonary pressure. The lungs recoil as they naturally want to do and collapse. 
Now to get our lungs to open up more and let air in, we depend on a little physics.

C) Boyle’s law:

Boyle’s law states that when the volume of a container increases, the pressure decreases and vice versa. How does that become important for the lung? 

Take your hand and place it just under your rib cage.  Now take a deep breath. What do you feel? Hopefully, you can feel your ribs moving up and outward. This is from the contraction of an important set of muscles, the external intercostals. Some may also feel your diaphragm moving down (it also contracts). Both of these increase the volume of your thoracic cavity (where your lungs are housed). OK, now back to Boyle’s law.  If the volume of a container (the thoracic cavity) is INCREASING, what is the pressure doing? Oh, yes it’s decreasing. So, now your alveolar pressure is lower than the air around you and air rushes in … through the trachea, bronchi, bronchioles and into the alveoli.

This works for expiration too. If you are just sitting and relaxing, expiration is a passive process meaning it really doesn’t take any effort or energy. As we expire, our external intercostals just relax and so does our diaphragm. Both of these actions make our thoracic cavity smaller (ribs move down and in, diaphragm moves back up). OK, so what happens according to Boyle’s law? Right on! … the pressure increases inside the lungs and air rushes back out. 


One point to note though is that sometimes we require forced expiration, such as when we are exercising. If this is the case, we require the help of some other muscles to FORCE the air out. In this situation, we contract our abdominal muscles and internal intercostals muscles, meaning that this process will require energy (remember muscle contraction and the need for ATP).

4) Why do our lungs easily inflate? Well a couple of reasons. It is really all about the design. The ease of breathing is related to the stretchability of the lung. This is easy to imagine, if it is easily stretched then it should be easy to inflate. The stretchability of the lung is called pulmonary compliance. Better stretchability means a higher compliance. You should know the definition.
So what affects the compliance? 

A) Fiber Components- As I mentioned, it is all in the design. First our lungs are made up of different fibers. Some are collagen (not stretchy) and some are elastin (stretchy). Depending on the makeup of our lung tissue, this will contribute to a bit (1/3) of the compliance of our lungs. Now be careful though. A lot of students think, OK, more elastin means easier stretch meaning higher compliance. However, that is not the case. Here is the easiest way to explain … take one elastic band and stretch it. Stretchy, right? Now take 5 elastics and put them together between your fingers and stretch. Wow, that is a bit tougher. Take 20 elastic bands together and stretch. This takes even more work. So the more elastin, the lower the compliance (takes a lot more effort to inflate the lungs). There are a few diseases that affect the stretchability of the lung. You can see this on 10.17. Emphysema is a very common one among the smoking population. Although increase compliance may appear to be a good thing, this isn’t true. Often these people feel like they are suffocating because they actually can’t empty out their lungs since the elastic
properties are poor. So you have a stretched out lung that can’t return back to its original resting partially deflated position unless you forcibly do this (which, well, takes a lot of work). Let’s just say this isn’t a fun disease.


B) The other design factor is surface tension. Surface tension acts to decrease the compliance of the lungs.  The best example of surface tension is if you take a
drop of water and put it on a surface. Rather than spreading out, it stays in a nice tight ball because of surface tension. Surface tension occurs because water molecules always attract each other. Think of it as a tug of war, where the two people on the outside don’t have any “force” or “pull” away from the mud pit in the middle. This is just like the outside water molecules, they get drawn towards the center too. Since our lungs have a tiny bit of liquid in the alveoli (due to the moisture in air), if there was no way of getting rid of surface tension, then they too would collapse because they get drawn into the middle. Oh, but…drum roll please…we have an amazing substance called surfactant. 

Surfactant is a substance made up of phospholipids (like you saw in cell membranes) and proteins. Because the majority is phospholipids, it has hydrophilic and hydrophobic properties (remember the heads and tails).  So, because surfactant is made in our alveoli (by special cells called type II cells), the head groups of the phospholipids are attracted (remember water-loving) to the water surface, and the tails project away into
the air portion of the alveoli (remember they are “scared” of water). This way, there is a pull on the water molecules to prevent them from “falling” towards the center. Surfactant acts just like if you were to anchor the two end people on the tug of war to a tree, no more trying to collapse. You can see this in action if you take that very same drop of water on your counter and add a drop of dish soap. Dish soap is really a type of surfactant by definition.

So surfactant decreases surface tension (a force that contributes to 2/3 of the compliance of the lung). If it decreases surface tension, that must mean it improves
or increases lung compliance. Yes, that is one reason why we can breathe so easily. Without surfactant, it becomes very hard to breathe. This occurs often in premature babies born before 36 weeks. Since surfactant is made pretty late during pregnancy, babies born too early will not have surfactant. These babies require so much effort to take a breath because of the overwhelming surface tension in their little lungs and nothing to overcome it. Remarkably, a standard treatment for these little babies is to give surfactant by “dumping” a small amount of it into their lungs. 
DID YOU KNOW…..Some of the earliest surfactant treatments were done by giving surfactant that was washed out of cow’s lungs and purified.  Excitingly, London was one of the first centers to do this and it is home to one of the first companies to produce surfactant for babies. This is still in practice today.
 
More calculations!

Now I’m switching the topics to focus on lung volumes and a few (groan) calculations that you must know how to do. Don’t worry about memorizing all the lung volume numbers shown on 10.24, but rather know where these volumes are. You should be able to “reproduce” a spirometer tracing and label where each volume would be located (just forget the actual numbers). The spirometer is still a useful device to measure lung volumes and determine lung disease. From it you can calculate a bunch of different capacities and volumes that often change in disease states. Know how to calculate these. If you can reproduce a spirometer drawing, then you should be able to deduce how to calculate these without memorizing a bunch of equations. For example, you can add expiratory reserve volume, tidal volume and inspiratory reserve volume to give you
vital capacity. See that on the drawing? Or you could add inspiratory capacity and expiratory reserve volume to give you the same thing. That is why it is easy just to be able to reproduce the drawing.

Pulmonary ventilation … This is all the air that is entering your entire lungs (tubes/airways and alveoli) per minute. Again, I am not one to memorize a bunch of equations, so I like to actually understand this. Some of the air that enters your lungs never is used for gas exchange. Why? Well only alveoli are involved in gas exchange, so only the oxygen in all those alveoli will ever enter the circulation. This is referred to as alveolar ventilation. Easy, simply by definition. But in order to get to the alveoli, air must first travel through a series of tubes. So, the amount of air that enters the lungs will be made up of the air in the tubes AND the air in the alveoli. The air in the tubes doesn’t participate in gas exchange, so it is referred to as dead space (think of it as useless space).  Since it is hard to determine the amount of dead space (unless you want to measure the volume of all the tubes individually), the rule of thumb is that it is equal to your weight in pounds (unless a person is severely obese, then this doesn’t apply—but I won’t ask you this). So a 200 lb person has roughly 200 mL of dead space.

So for one breath, your tidal volume is made up of air entering the tubes plus air in the alveoli. Because the definition of Pulmonary ventilation is PER MINUTE, you need to take into account the number of times you breathe per minute to determine this number.

Pulmonary ventilation=dead space + alveolar ventilation

So pulmonary ventilation=(Tubes x rate of breathing) + (alveoli x rate of breathing)

Or to simplify further = (tubes + alveoli) x respiratory rate

5) Back to air pressure:

Referring back to the atmospheric pressure section where I outlined that air is made up of several different gases, you should understand how to figure out the partial pressure of a given gas. For example, if your final mark is dependent on a midterm and final exam and one quiz, and adds up to 760 marks, this doesn’t mean that your midterm was equal to all 760 marks. Rather it was a percentage of the total. Same as air here. Air has a total pressure of 760 mmHg because it is made up of several gases. But, oxygen makes up a percentage, nitrogen a percentage, and carbon dioxide a percentage. So what part is oxygen “worth”. Same as figuring out your final grade. If the midterm was worth 21%, you could figure out that out of the final grade, it was equal to 159 marks. 

Let’s do carbon dioxide as an example:

Carbon dioxide makes up a tiny percentage of air (only 0.03%). So what part (partial pressure of CO2) does carbon dioxide makeup?

PCO2= (total pressure) X (0.03/100) 

= 760 x (0.03/100)
=0.3 mmHg (approximately—does vary a bit)

So entering the trachea of your lungs is 159 mmHg of Oxygen (PO2), 0.3 mmHg CO2 (PCO2). These are the only 2 gases that we will consider. 

As these gases travel through the lung and some of it reaches the final alveolar destination, it becomes mixed up with some “stale air” because our lungs never
completely empty. So the partial pressures do change a bit by the time the alveoli are reached. These values are PO2 of 105 mmHg and PCO2 of 40 mmHg. These values
are very important for gas exchange because both oxygen and carbon dioxide easily diffuse (and remember the definition of diffusion, down a gradient---in this case down their partial pressure gradient). So to know which direction carbon dioxide and oxygen will go, we then need to understand the partial pressures in the capillaries wrapped around the alveoli. Remember, entering the capillaries is deoxygenated blood. So that
means low in oxygen, but rich in carbon dioxide (a by-product of tissue “activity”). As discussed in the last module, blood goes to tissue to dump off oxygen to “feed” the tissues and then picks up the waste (one is CO2). It returns back to the heart (right side) and gets pumped to the lungs, to “freshen it up”. So, the oxygen-poor blood (PO2=40 mmHg) has a lower partial pressure of O2 than the alveoli and oxygen moves down it’s gradient into the bloodstream until it is almost equal to the pressure of oxygen in the alveoli. CO2 on the other hand is higher in the deoxygenated blood (46 mmHg) than in the alveoli (40 mmHg) so it travels down its pressure gradient and enters the alveoli until these pressures equal. That is how gas exchange takes place.  Then the fresh blood goes to the left side of the heart and out to the body without changing its partial pressure until it needs to “unload O2 and load up CO2” at the tissues again down the pressure gradients. You should know the diagram on 10.36 and the partial pressure in each area (entering the lung, in the alveoli, leaving the lung and the tissue capillaries)

6) Now let’s have a look at how the gasses are transported in the blood.
The respiratory system works on the assumption that the gas we need (O2) and the gas we want to eliminate (CO2), can be transported via the blood. The body transports these gases in different ways. We will look at O2 and CO2 transport.

A) O2 transport
A very small amount of the total O2 is transported dissolved in plasma. This amount of dissolved O2 is way too little for what the body needs, so there has to be another way to transport O2 to the tissues. Indeed, the majority of O2 travels around attached to a protein called hemoglobin. This protein is found in red blood cells (or otherwise known as erythrocytes). I am not going into details about the red blood cell … the CD covers this adequately. It is important to mention here that the hemoglobin (Hb) protein, found in red blood cells, has a great O2 carrying capacity … consider 4 O2 molecules loaded up onto each hemoglobin molecule. Also important is that Hb finds it really easy to load up O2 AND unload it. We say the reaction is reversible … because it can go in either direction. Whether we have O2 binding to Hb will depend on a number of conditions including temperature, pH and yes, you guessed it, PO2. 

O2 + Hb ↔HbO2
Because this reaction happens soooooo easily, the amount of O2 bound will depend on how much O2 we have around. For example, in the alveolar capillaries there will be lots of O2 (high PO2). That means the O2 will bind Hb, creating HbO2. However, when the blood gets to the tissues, there will be very little O2 in the cells (low PO2) and the reaction will again move to the left, allowing the O2 to hop off the Hb and move into the cells. This is described by the oxygen-hemoglobin dissociation curve … the higher the PO2 (look along the X-axis of the graph on 10.48), the more saturated the Hb will be with O2 (shown on the Y-axis) … and vice versa. This curve also helps describe Hb saturation in the event of increasing temperature and pH. For example, if you are out for a jog, you would want the Hb to unload O2 to your working muscles, right? Well, it just so happens that the hotter it is or the more lactic acid your muscles create (making it more acidic … although this you will encounter again in module 12), the less attracted Hb is to O2 … meaning Hb will unload the O2 … meaning that at a given PO2, you will see a lower percentage of HbO2 (oxyhemoglobin) as during activity the tissues (muscles) need the O2. All very logical, right!

So now after all that working-out, we know our muscles will produce lots of CO2, and this stuff needs to be transported back to the lungs to be exhaled. Well, just like O2, CO2 is transported in the blood. We will look at each of the 3 mechanisms used for CO2 transport.

B) CO2 transport.
CO2 is transported in three forms … dissolved in the plasma, bound to proteins, and also as a bicarbonate ion (a buffer). 

CO2 is transported dissolved in plasma in the form of PCO2. There is more dissolved CO2 in plasma than O2 and accounts for about 7-10% of our transported CO2. The PCO2 differs between the arterial and venous sides of the circulatory system. What … CO2 in the arterial blood? But is the lungs not supposed to remove the CO2 from the blood and replace it with O2? Yes, but it also has to leave some of the CO2 in the blood because remember, CO2 helps keep the arterioles dilated. Know diagram 10.51.

The second way of transporting CO2 is as the bicarbonate ion (HCO3-) and this accounts for 70% of the CO2 carried in the blood. This reaction requires the enzyme carbonic anhydrase, which takes water and CO2 and combines them to form carbonic acid (H2CO3), which then very quickly dissociates into bicarbonate ions (HCO3–) and hydrogen ions (H+). Note again that this is a reversible reaction. However, the reverse of H2CO3 back to H2O and CO2 does not require enzyme activity. 

CO2+H2O   ↔   H2CO3    ↔   HCO3- + H+
 This is a very important equation. You will see it again and again and again and again … get the idea?

Because CO2 can easily cross the cell membrane, the CO2 created in cells will diffuse down its partial pressure gradient, into the blood and then into red blood cells (RBCs). Its quite convenient that within the RBCs is the enzyme carbonic anhydrase and as we all know by now, this enzyme will cause the water present in the cells to join the CO2 that has just diffused into the RBC, to form … yes … H2CO3 (carbonic acid). If you look at the above equation, the reaction continues to the right as carbonic acid rapidly dissociates into bicarbonate (HCO3–) and hydrogen ions (H+) within the RBCs. As mentioned before, all these reactions are reversible. As for O2 binding with Hb to form HbO2, the amount of CO2 or HCO3– will determine the direction of the reaction. For example, if there is more CO2 than HCO3–, then the reaction proceeds to the right and vice versa. 

At this stage, most of the H+ ends up binding with our old friend, hemoglobin (Hb), that is found inside the RBCs. This is important because if the H+ ions were allowed to diffuse out of the RBC, it would make the blood highly acidic … and as you can imagine, this would not be good (bit more about this in module 12). The bicarbonate ion (HCO3–), in the meantime, diffuses out of the RBC into the plasma to act as a buffer and so helps stabilize the blood pH. You may have noticed that the HCO3–  has a negative charge. What do you think this will do to the cell if the HCO3- were to leave? Quite right … the RBC would become more positive … and this is not a good thing! So, to help balance this positive charge, chloride ions (Cl–) diffuse in. This shifting of ions is called the chloride shift and can occur very quickly because the membrane of RBCs is very permeable to negative ions. 

The third way of transporting CO2 is via Carbamino Compounds. Roughly 20% to 23% of all carbon dioxide (CO2) is transported in the blood attached to proteins forming carbamino compounds. Hemoglobin (Hb), which has unloaded some of its oxygen to the tissue, is one of the most abundant proteins that can carry CO2. CO2 hops onto the globin portion of haemoglobin, unlike O2 that binds the heme portion, remember! The reaction below shows the formation of carbamino hemoglobin (HbCO2):

CO2 + Hb    ↔    HbCO2
This CO2 thus catches a ride back to the alveoli where it will hop off the Hb and diffuse into the alveolar space, due to its partial pressure gradient. 

7) Loading and Unloading CO2
The equations that we have just seen (summarized below) are all reversible. 

CO2 + Hb ↔ HbCO2
CO2 + water ↔ H2CO3 ↔ HCO3– + H+
The direction of each reaction, like the reaction with oxygen (O2), is determined by the amount of carbon dioxide (CO2) present in the plasma—the PCO2. The higher PCO2 in the tissue will cause each reaction to move to the right—loading hemoglobin (Hb) with CO2 or forming bicarbonate ion (HCO3–). Back at the lungs the lower PCO2 will cause the CO2 to hop off the Hb, while HCO3– will convert back to CO2. The CO2 will then diffuse out of the RBC into the alveoli.

