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Introduction


  
  
    [image: Black-capped chickadee in alert posture on a branch with green vegetation in the background.]
    Black-capped chickadee in the spring in Erindale Park, Mississauga. This photo and textbook cover photo are taken by Margeaux Gaerlan, Clyde Tan, and Nadine Le.
  
  This book is an introduction to the diversity of structure and function in animals at the tissue and organ system level. The focus of this book is on principles and mechanisms that sustain life and maintain homeostasis, including water balance, gas exchange, acquisition and transport of oxygen and nutrients, temperature regulation, electrical and chemical signal transmission, sensory processing, and locomotion. The content in this open textbook was adapted from other open textbooks (cc by 4.0) resources or created/written by Sanja Hinic-Frlog and collaborators. Collaborators include: Jessica Hanley, Simone Laughton, and invited undergraduate and graduate students at the University of Toronto Mississauga.
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  Special thanks to our students Arlene Cortiguoerra, Kim Nguyen, and Abijah Nwakanma for organizing the adapted content and creating new resources and images for this open textbook.
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  Share

  If you adopt this book, as a core or supplemental resource, please report your adoption in order for us to celebrate your support of students’ savings. Report your commitment at www.openlibrary.ecampusontario.ca.

  We invite you to adapt this book further to meet your and your students’ needs. Please let us know if you do! If you would like to use Pressbooks, the platform used to make this book, contact eCampusOntario for an account using open@ecampusontario.ca.

  If this text does not meet your needs, please check out our full library at www.openlibrary.ecampusontario.ca. If you still cannot find what you are looking for, connect with colleagues and eCampusOntario to explore creating your own open education resource (OER).

  About eCampusOntario

  eCampusOntario is a not-for-profit corporation funded by the Government of Ontario. It serves as a centre of excellence in online and technology-enabled learning for all publicly funded colleges and universities in Ontario and has embarked on a bold mission to widen access to post-secondary education and training in Ontario. This textbook is part of eCampusOntario’s open textbook library, which provides free learning resources in a wide range of subject areas. These open textbooks can be assigned by instructors for their classes and can be downloaded by learners to electronic devices or printed for a low cost by our printing partner, The University of Waterloo. These free and open educational resources are customizable to meet a wide range of learning needs, and we invite instructors to review and adopt the resources for use in their courses.
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      Introductory Animal Physiology is under a Creative Commons Attribution 4.0 International License, except where otherwise noted. It was created from adapted resources under CC by 4.0 licence by Sanja Hinic-Frlog, Assistant Professor, Teaching Stream at the University of Toronto. If you have questions, suggestions of found errors in the text, please contact Sanja at sanja.hinic at utoronto.ca. This textbook was last edited on January 5, 2019, by Sanja Hinic-Frlog, Jessica Hanley, and Simone Laughton.
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Icons Legend


  
  Legend of Icons that are used in this eTextbook. 	Icon Title 	Icon Meaning Description 	Icon Image 
 	Challenge / Game 	An opportunity to challenge your understanding or to engage in a game related to a concept or topic. 	 [image: Challenge / Game] 
 	Complete Tasks 	Tasks or activities to be completed to consolidate understanding and skills. 	 [image: Complete Tasks] 
 	Discussion 	An opportunity to discuss a concept or a topic with your peers. 	 [image: Discussion] 
 	Explore Further Resources 	Additional resources that can be used to further explore a concept or topic. 	 [image: Explore Further Resources] 
 	Listen to Podcast 	Additional articles, studies, etc. that can be read to learn more about a concept or topic. 	 [image: Listen to Podcast] 
 	Important 	Items that you should take note of that are useful to help with understanding a particular concept or topic. 	 [image: Important] 
 	Learning Outcomes 	What you should know or be able to do after reading a chapter and having engaged in the related activities for that chapter. 	[image: Learning Outcomes] 
 	Peer Collaboration 	Activities that you can work on with your peers. 	[image: Peer Collaboration] 
 	Presentation 	A link to information from a presentation or in presentation format. 	 [image: Presentation] 
 	Questions 	Questions that can be used to self-check your understanding or skill level. 	 [image: Questions] 
 	Quiz 	An opportunity to test your skills and understanding. 	 [image: Quiz] 
 	Research 	A link to research on a concept or a topic or items that may require further research. 	 [image: Research] 
 	Suggestions 	Items that are suggestions for further thought or study. 	 [image: Suggestions] 
 	Think 	Items that may require additional thought and consideration. 	 [image: Think] 
 	Watch Video 	A video resource that provides information related to a concept or topic being discussed. 	[image: Watch Video] 
  

  




  
  







Chapter 1. Introduction to Physiology


  
   

  	[image: Learning Outcomes] 	1.1. Define physiology and explain its importance and connections to other fields of biological studies;
 1.2. Describe physical, chemical and evolutionary limitations to sustaining life; and,
 1.3. Provide a general description of and some examples of homeostasis.
  
  

   

  








1.1 – What is Physiology?


  
  The content of this chapter was adapted from the Concepts of Biology-1st Canadian Edition open textbook by Charles Molnar and Jane Gair (Chapter 11 – Introduction to the body’s systems).

  	[image: Learning Outcomes] 	1.1. Define physiology and explain its importance and connections to other fields of biological studies.
  
  

  Physiology is a study of how animal form or structure and function sustain life and shape responses to environmental conditions. The arctic fox (Figure 1.1), a complex animal that has adapted to its environment, illustrates the relationships between an animal’s form and function. The multicellular bodies of animals consist of tissues that make up more complex organs and organ systems. The organ systems of an animal maintain homeostasis within the multicellular body. These systems are adapted to obtain the necessary nutrients and other resources needed by the cells of the body, to remove the wastes those cells produce, to coordinate the activities of the cells, tissues, and organs throughout the body, and to coordinate the many responses of the individual organism to its environment.

  
    
      [image: A photo of arctic fox walking in the snow tundra.]
    
    Figure 1.1 Arctic fox in Wapusk National Park, Manitoba, Canada. Photo by By Ansgar Walk – photo taken by Ansgar Walk, CC BY 2.5, https://commons.wikimedia.org/w/index.php?curid=905259
  
  	[image: Explore Further Resources] 	Some examples of arctic fox physiological adaptions to its environment include: 	Fur with insulative properties to keep the arctic fox warm;
	Reduced heat loss through adaptations to body components such as shorter ears, legs, muzzle;
	Ability to stand on cold surfaces due to capillary rete in pads;
	Can reduce metabolic rate to conserve energy, especially helpful in times of food scarcity.

 SOURCE:  PESTRUD, P.  (1991).  Adaptations by the Arctic Fox (Alopex lagopus) to the Polar Winter.  Arctic, 44(2), 132-138.  Retrieved 2018 February 5 from http://www.jstor.org/stable/40511073.  
 
  

  The study of physiology is interrelated with other fields of biological studies, such as

  
    	Anatomy (how organisms are structured),

    	Biogeography (spatial and temporal distribution of organisms),

    	Biomechanics (the study of how organisms move),

    	Conservation Biology (the study of the natural environment and ecosystems),

    	Ecology (the study of how organisms interact with other living organisms and their environment),

    	Ethology (the study of animal behaviour), and

    	Other fields of Biology.

  

  	[image: Questions] 	Question 1.1 Define physiology in your own words. 
 
  

  	[image: Watch Video] 	Watch this video to see how Arctic foxes find prey in the winter. 
  

   

  




  
  







1.2 – Limits of Life


  
  This section was adapted from Shulze-Makuch, Shulze-Makuch, and Houtkooper, 2015. The physical, chemical, and physiological limits of life. Life 5(3): 1472-1486. doi:10.3390/life5031472.

  	[image: Learning Outcomes] 	1.2. Describe physical, chemical and evolutionary limitations to sustaining life.
  
  

  Life on Earth exists in nearly every niche on our planet. However, life forms are not equally successful in all conditions on Earth, and one challenge is to find under which conditions life can be sustained. Certainly, life on Earth is very adaptable, which has led to an immense biomass and an incredible biodiversity. Therefore, it is a challenge to find where the limits to this adaptability are.

  	[image: Discussion] 	Question 1.2 Try to come up with the best answer for the following question:
 Which of the following may be the most limiting physical factor for animals living in aquatic environments? Why?
 a. locomotion
 b. being wet all the time
 c. access to nutrients
 d. access to oxygen
 
  

  On Earth, life is based on carbon as a major building block, water as a solvent and chemical bonds and light as life-sustaining energy sources, which seems to be an ideal combination on a terrestrial planet like Earth, which has an average surface temperature of about 15 °C under a pressure of 1 bar. In principle, other building blocks than carbon are feasible, such as silicon, but these would require very different planetary conditions to be used in a comparable fashion to carbon on Earth. Water as a solvent has great benefits and also some challenges (reviewed by Schulze-Makuch and Irwin [Schulze-Makuch & Irwin., 2008]), but being the most abundant molecule on our planet that exists in liquid form, life had simply to adapt to some of its drawbacks. Light is plentiful on our planet, and organic compounds with covalent bonds are versatile at average Earth temperatures, thus providing a powerful combination that resulted on Earth in a biosphere with a large biomass and an incredible biodiversity, including complex life.

  There are limits to the conditions under which life can exist on our planet. Most pronounced is the temperature envelope under which active life can exist. Organismic growth can usually occur at temperatures from at least −15 °C to about 113 °C. There are also reports in the literature that the temperature range may even be broader. For example, metabolic activity was inferred down to temperatures of −40 °C due to anomalous concentrations of gases [Campen et al., 2003], and the upper temperature limit may be as high as about 122 °C. At that temperature, methanogenic archaea could be cultured under a pressure of 20 MPa [Takai et al., 2008], only limited by the solubility of lipids in water and protein stability [McKay, 2014]. In principle, if the biochemistry of organisms could be adapted to these extremes, perhaps even higher temperatures may be tolerated, but the practical limit due to energetic and biochemical constraints under which life can still metabolize and reproduce is surely much lower [Schulze-Makuch, 2015]. Hyperthermophilic microorganisms require specialized cell components, like proteins and membranes, to be stable and function at high temperatures. Particularly, at temperatures of 100 °C and beyond, some low molecular weight compounds, such as ATP and NAD, hydrolyze quite rapidly, and thermolabile amino acids, like cysteine and glutamic acid, are decomposing [Stetter, 1999]. The pressure tolerance of life, though, is high and extends to at least 1100 bar [1] [Stan-Lotter, 2007].

  Organisms, particularly microbes and other microscopic organisms, are quite tolerant to extreme pH values, from just below 0 to about 13. Ferroplasma sp. and Cephalosporium are examples of organisms that live at low pH-values, Natronobacterium, and several species of protists and rotifers are examples of organisms that live at very high pH-values [Schulze-Makuch & Irwin, 2008, Baross et al., 2007].

  However, life on Earth is relatively sensitive to a lack of water: bacteria, archaea, and fungi can only metabolize at water activities down to about 0.6 [Stevenson, et al., 2014]. Adaptation to water with high salt content, however, is quite common, as some Halobacteria and archaea can grow in 35% NaCl solution [Schulze-Makuch & Irwin, 2008].

  Another physical limit to life is radiation, both UV, and ionizing radiation. Tolerances to radiation vary widely. Tardigrades, microscopic animals that usually live in mosses and lichen, can withstand ionizing radiation doses up to 5000 Gy when in the dormant state [Schulze-Makuchh & Seckbach, 2013] and display additional special adaptation traits, such as anhydrobiosis and cryptobiosis [Watanabe, 2006]. Deinococcus radiodurans can still tolerate higher radiation doses and grow at doses upward of 10,000 Gy.

  	[image: Research] 	One non-chemical limitation of life on earth is related to scaling of body size. You can find more details about scaling in animals in this article. 
  

   

  	[image: Peer Collaboration] 	Question 1.3 Some examples of physical and chemical limitations of life were listed above. One aspect that was not discussed is size. How do you think size is a physical limitation for sustaining life for animals? Find one specific example with one of your peers. Once you have found your example, you should think about why the size is the limit in your example.
 
  	[image: Listen to Podcast] 	Here is a link to help you think about the physical and chemical limitations of life, specifically animal size. This is a podcast on how climate affected size changes of beetles in Canada. 
  	[image: Questions] 	Question 1.4 Describe five different limitations to life on Earth.
 
  

   

  

  
    
      	Stan-Lotter, H. Extremophiles, the physicochemical limits of life (growth and survival). In Complete Course in Astrobiology; Horneck, G., Rettberg, P., Eds.; Wiley-VCH: Weinheim, Germany, 2007; pp. 121–150. ↵


    

  

  




  
  







1.3 – Homeostasis



  
  The content of this chapter was adapted from the

	Chapter 2. Gaseous Exchange -- Introductory Animal Physiology
	
	

		





Chapter 2. Gaseous Exchange


  
   

  	[image: Learning Outcomes] 	2.1. Discuss general respiration advantages and disadvantages with respect to aquatic and terrestrial environments;
 2.2. Describe select respiratory structures in aquatic and terrestrial animals;
 2.3. Explain relationships between respiratory structure and function in generalized aquatic and terrestrial animal systems; and,
 2.4. Compare counter- and crosscurrent exchange using specific respiratory system examples.
  
  

  








	2.1 – Introduction to Respiratory Systems -- Introductory Animal Physiology
	
	

		





2.1 – Introduction to Respiratory Systems



  
  The content of this chapter was adapted from the

	2.2 – Respiratory Structures and Their Function -- Introductory Animal Physiology
	
	

		





2.2 – Respiratory Structures and Their Function


  
  The content of this chapter was adapted from the Concepts of Biology-1st Canadian Edition open textbook by Charles Molnar and Jane Gair (Chapter 20 -The respiratory system).

  	[image: Learning Outcomes] 	2.2. Describe select respiratory structures in aquatic and terrestrial animals.
 2.3. Explain relationships between respiratory structure and function in generalized aquatic and terrestrial animal systems.
  
  

  
    
      
        
          Ventilation and Perfusion

          Two important aspects of gas exchange in the lung are ventilation and perfusion. Ventilation is the movement of air into and out of the lungs, and perfusion is the flow of blood in the pulmonary capillaries. For gas exchange to be efficient, the volumes involved in ventilation and perfusion should be compatible. Therefore, ventilatory structures and perfusion surfaces have evolved to maximize this compatibility in both aquatic and terrestrial environment and examples of such structures and surfaces will be provided next.

          
            
              Skin and gills
            
          

        

      

    

    Fish and many other aquatic organisms have evolved gills to take up the dissolved oxygen from water (Figure 2.4). Gills are thin tissue filaments that are highly branched and folded. When water passes over the gills, the dissolved oxygen in water rapidly diffuses across the gills into the bloodstream. The circulatory system can then carry the oxygenated blood to the other parts of the body. In animals that contain coelomic fluid instead of blood, oxygen diffuses across the gill surfaces into the coelomic fluid. Gills are found in mollusks, annelids, and crustaceans.

    
      
        
          [image: This common carp, like many other aquatic organisms, has gills that allow it to obtain oxygen from water. (credit: "Guitardude012"/Wikimedia Commons)]
        
        Figure 2.4. This common carp, like many other aquatic organisms, has gills that allow it to obtain oxygen from water. (credit: “Guitardude012″/Wikimedia Commons)
      
    

    The folded surfaces of the gills provide a large surface area to ensure that the fish gets sufficient oxygen. Diffusion is a process in which material travels from regions of high concentration to low concentration until equilibrium is reached. In this case, blood with a low concentration of oxygen molecules circulates through the gills. The concentration of oxygen molecules in water is higher than the concentration of oxygen molecules in gills. As a result, oxygen molecules diffuse from water (high concentration) to blood (low concentration), as shown in Figure 2.5. Similarly, carbon dioxide molecules in the blood diffuse from the blood (high concentration) to water (low concentration).

    
      
        
          [image: Water and oxygen flow through gill arch in a fish.]
        
        Figure 2.5.  As water flows over the gills, oxygen is transferred to blood via the veins. (credit “fish”: modification of work by Duane Raver, NOAA)
      
      In terrestrial environments, animals showcase a diversity of respiratory system adaptations to obtaining oxygen (Figure 2.6), such as treachea in insects, alveoli in mammals and parabronchi in birds. You can also use the following gif animation as an overview of how air moves through respiratory system structured of a few terrestrial animals.

      
        
          [image: This figure shows air flows across respiratory surfaces in insects, mammals, and birds and explains how the air moves in each breath.]
        
        Figure 2.6. Breathing cycle in insects, humans, and birds. This figure was created and designed by Taeah Kim, a graduate student in Biomedical Communications Masters program at the University of Toronto Mississauga.
      
    

  

  
    
      
        
          

          	[image: Important] 	Question 2.3 How would you describe gas exchange and breathing cycle in each of the examples you see in the gif animation? What are their similarities? What are their differences?
 
  

          
            
              Tracheal systems
            
          

        

      

    

    Insect respiration is independent of its circulatory system; therefore, the blood does not play a direct role in oxygen transport. Insects have a highly specialized type of respiratory system called the tracheal system, which consists of a network of small tubes that carries oxygen to the entire body. The tracheal system is the most direct and efficient respiratory system in active animals. The tubes in the tracheal system are made of a polymeric material called chitin.

    Insect bodies have openings, called spiracles along the thorax and abdomen. These openings connect to the tubular network, allowing oxygen to pass into the body (Figure 2.7) and regulating the diffusion of CO2 and water vapor. Air enters and leaves the tracheal system through the spiracles. Some insects can ventilate the tracheal system with body movements.

    
      
        
          [image: Blood and tracheal system in an insect.]
        
        Figure 2.7.  Insects perform respiration via a tracheal system.
      
      
        
          
            
              
                
                  
                    
                      Mammalian systems
                    
                  

                

              

            

            In mammals, pulmonary ventilation occurs via inhalation (breathing). During inhalation, air enters the body through the nasalcavity located just inside the nose (Figure 2.8). As air passes through the nasal cavity, the air is warmed to body temperature and humidified. The respiratory tract is coated with mucus to seal the tissues from direct contact with air. Mucus is high in water. As air crosses these surfaces of the mucous membranes, it picks up water. These processes help equilibrate the air to the body conditions, reducing any damage that cold, dry air can cause. Particulate matter that is floating in the air is removed in the nasal passages via mucus and cilia. The processes of warming, humidifying, and removing particles are important protective mechanisms that prevent damage to the trachea and lungs. Thus, inhalation serves several purposes in addition to bringing oxygen into the respiratory system.

            
              
                
                  
                    
                      
                        [image: Human respiratory system with details of alveolar sac gas exchange.]
                      
                      Figure 2.8.  Air enters the respiratory system through the nasal cavity and pharynx and then passes through the trachea and into the bronchi, which bring air into the lungs. (credit: modification of work by NCI)
                    
                     

                    	[image: Quiz] 	Question 2.4 Which of the following statements about the mammalian respiratory system is false?
a. When we breathe in, air travels from the pharynx to the trachea.
 b. The bronchioles branch into bronchi.
 c. Alveolar ducts connect to alveolar sacs.
 d. Gas exchange between the lung and blood takes place in the alveolus
 
  

                  

                

              

            

          

          From the nasal cavity, air passes through the pharynx (throat) and the larynx (voice box), as it makes its way to the trachea (Figure 2.9). The main function of the trachea is to funnel the inhaled air to the lungs and the exhaled air back out of the body. The human trachea is a cylinder about 10 to 12 cm long and 2 cm in diameter that sits in front of the esophagus and extends from the larynx into the chest cavity where it divides into the two primary bronchi at the mid-thorax. It is made of incomplete rings of hyaline cartilage and smooth muscle (Figure 2.9). The trachea is lined with mucus-producing goblet cells and ciliated epithelia. The cilia propel foreign particles trapped in the mucus toward the pharynx. The cartilage provides strength and support to the trachea to keep the passage open. The smooth muscle can contract, decreasing the trachea’s diameter, which causes expired air to rush upwards from the lungs at a great force. The forced exhalation helps to expel mucus when we cough. Smooth muscle can contract or relax, depending on stimuli from the external environment or the body’s nervous system.

          
            
              
                [image: The trachea and bronchi are made of incomplete rings of cartilage. (credit: modification of work by Gray's Anatomy)]
              
              Figure 2.9. The trachea and bronchi are made of incomplete rings of cartilage. (credit: modification of work by Gray’s Anatomy)
            
          

          
            
              
                
                  
                    
                      Lungs: bronchi and alveoli
                    
                  

                

              

            

            The end of the trachea bifurcates (divides) to the right and left lungs. The lungs are not identical. The right lung is larger and contains three lobes, whereas the smaller left lung contains two lobes (Figure 2.10). The muscular diaphragm, which facilitates breathing, is inferior (below) to the lungs and marks the end of the thoracic cavity.

            
              
                
                  [image: Structural anatomy of the human respiratory system showing trachea, different lobes of right and left lung and diaphragm.]
                
                Figure 2.10.  The trachea bifurcates into the right and left bronchi in the lungs. The right lung is made of three lobes and is larger. To accommodate the heart, the left lung is smaller and has only two lobes.
              
            

            In the lungs, air is diverted into smaller and smaller passages or bronchi. Air enters the lungs through the two primary (main) bronchi (singular: bronchus). Each bronchus divides into secondary bronchi, then into tertiary bronchi, which in turn divide, creating smaller and smaller diameter bronchioles as they split and spread through the lung. Like the trachea, the bronchi are made of cartilage and smooth muscle. At the bronchioles, the cartilage is replaced with elastic fibers. Bronchi are innervated by nerves of both the parasympathetic and sympathetic nervous systems that control muscle contraction (parasympathetic) or relaxation (sympathetic) in the bronchi and bronchioles, depending on the nervous system’s cues. In humans, bronchioles with a diameter smaller than 0.5 mm are the respiratory bronchioles. They lack cartilage and therefore rely on inhaled air to support their shape. As the passageways decrease in diameter, the relative amount of smooth muscle increases.

            The terminal bronchioles subdivide into microscopic branches called respiratory bronchioles. The respiratory bronchioles subdivide into several alveolar ducts. Numerous alveoli and alveolar sacs surround the alveolar ducts. The alveolar sacs resemble bunches of grapes tethered to the end of the bronchioles (Figure 2.11). In the acinar region, the alveolar ducts are attached to the end of each bronchiole. At the end of each duct are approximately 100 alveolar sacs, each containing 20 to 30 alveoli that are 200 to 300 microns in diameter. Gas exchange occurs only in alveoli. Alveoli are made of thin-walled parenchymal cells, typically one-cell thick, that look like tiny bubbles within the sacs. Alveoli are in direct contact with capillaries (one-cell thick) of the circulatory system. Such intimate contact ensures that oxygen will diffuse from alveoli into the blood and be distributed to the cells of the body. In addition, the carbon dioxide that was produced by cells as a waste product will diffuse from the blood into alveoli to be exhaled. The anatomical arrangement of capillaries and alveoli emphasizes the structural and functional relationship of the respiratory and circulatory systems. Because there are so many alveoli (~300 million per lung) within each alveolar sac and so many sacs at the end of each alveolar duct, the lungs have a sponge-like consistency. This organization produces a very large surface area that is available for gas exchange. The surface area of alveoli in the lungs is approximately 75 m2. This large surface area, combined with the thin-walled nature of the alveolar parenchymal cells, allows gases to easily diffuse across the cells.

            
              
                
                  [image: Terminal bronchioles are connected by respiratory bronchioles to alveolar ducts and alveolar sacs. Each alveolar sac contains 20 to 30 spherical alveoli and has the appearance of a bunch of grapes. Air flows into the atrium of the alveolar sac, then circulates into alveoli where gas exchange occurs with the capillaries. Mucous glands secrete mucous into the airways, keeping them moist and flexible. (credit: modification of work by Mariana Ruiz Villareal)]
                
                Figure 2.11. Terminal bronchioles are connected by respiratory bronchioles to alveolar ducts and alveolar sacs. Each alveolar sac contains 20 to 30 spherical alveoli and has the appearance of a bunch of grapes. Air flows into the atrium of the alveolar sac, then circulates into alveoli where gas exchange occurs with the capillaries. Mucous glands secrete mucous into the airways, keeping them moist and flexible. (credit: modification of work by Mariana Ruiz Villareal)
              
            

          

        

      

      
        	[image: Quiz] 	Question 2.5 Which of the following statements about the human respiratory system is false?
 a. When we breathe in, air travels from the pharynx to the trachea.
 b. The bronchioles branch into bronchi.
 c. Alveolar ducts connect to alveolar sacs.
 d. Gas exchange between the lungs and blood takes place in the alveolus.
 
  

        	[image: ] 	For further interest and comparison of human lungs with other animal respiratory systems, here is a link to an interesting article. 
  

        Pulmonary ventilation is the act of breathing, which can be described as the movement of air into and out of the lungs. The major mechanisms that drive pulmonary ventilation are atmospheric pressure (Patm); the air pressure within the alveoli, called intra-alveolar pressure (Palv); and the pressure within the pleural cavity, called intrapleural pressure (Pip).

        Mechanisms of breathing
 The intra-alveolar and intrapleural pressures are dependent on certain physical features of the lung. However, the ability to breathe—to have air enter the lungs during inspiration and air leave the lungs during expiration—is dependent on the air pressure of the atmosphere and the air pressure within the lungs.
 Pressure relationships
 Inspiration (or inhalation) and expiration (or exhalation) are dependent on the differences in pressure between the atmosphere and the lungs. In a gas, the pressure is a force created by the movement of gas molecules that are confined. For example, a certain number of gas molecules in a two-liter container has more room than the same number of gas molecules in a one-liter container (Figure 2.13). In this case, the force exerted by the movement of the gas molecules against the walls of the two-liter container is lower than the force exerted by the gas molecules in the one-liter container. Therefore, the pressure is lower in the two-liter container and higher in the one-liter container. At a constant temperature, changing the volume occupied by the gas changes the pressure, as does changing the number of gas molecules. Boyle’s law describes the relationship between volume and pressure in a gas at a constant temperature. Boyle discovered that the pressure of a gas is inversely proportional to its volume: If volume increases, pressure decreases. Likewise, if volume decreases, pressure increases. Pressure and volume are inversely related (P = k/V). Therefore, the pressure in the one-liter container (one-half the volume of the two-liter container) would be twice the pressure in the two-liter container. Boyle’s law is expressed by the following formula:
 P1V1=P2V2P1V1=P2V2

 In this formula, P1 represents the initial pressure and V1 represents the initial volume, whereas the final pressure and volume are represented by P2 and V2, respectively. If the two- and one-liter containers were connected by a tube and the volume of one of the containers were changed, then the gases would move from higher pressure (lower volume) to lower pressure (higher volume).
 [image: This diagram shows two canisters containing a gas. The two canisters show how volume and pressure are inversely proportional, which illustrates Boyle’s law.]Figure 2.13. Boyle’s law. In a gas, pressure increases as volume decreases.  Pulmonary ventilation is dependent on three types of pressure: atmospheric, intra-alveolar, and intrapleural. Atmospheric pressure is the amount of force that is exerted by gases in the air surrounding any given surface, such as the body. Atmospheric pressure can be expressed in terms of the unit atmosphere, abbreviated atm, or in millimeters of mercury (mm Hg). One atm is equal to 760 mm Hg, which is the atmospheric pressure at sea level. Typically, for respiration, other pressure values are discussed in relation to atmospheric pressure. Therefore, negative pressure is pressure lower than the atmospheric pressure, whereas positive pressure is the pressure that it is greater than the atmospheric pressure. A pressure that is equal to the atmospheric pressure is expressed as zero.
 Intra-alveolar pressure (intrapulmonary pressure) is the pressure of the air within the alveoli, which changes during the different phases of breathing (Figure 2.14). Because the alveoli are connected to the atmosphere via the tubing of the airways (similar to the two- and one-liter containers in the example above), the intrapulmonary pressure of the alveoli always equalizes with the atmospheric pressure.
 Intrapulmonary and Intrapleural Pressure Relationships
 [image: This diagram shows the lungs and the air pressure in different regions.]Figure 2.14. Intra-alveolar pressure changes during the different phases of the cycle. It equalizes at 760 mm Hg but does not remain at 760 mm Hg.  Intrapleural pressure is the pressure of the air within the pleural cavity, between the visceral and parietal pleurae. Similar to intra-alveolar pressure, intrapleural pressure also changes during the different phases of breathing. However, due to certain characteristics of the lungs, the intrapleural pressure is always lower than, or negative to, the intra-alveolar pressure (and therefore also to atmospheric pressure). Although it fluctuates during inspiration and expiration, intrapleural pressure remains approximately –4 mm Hg throughout the breathing cycle.
 Competing forces within the thorax cause the formation of the negative intrapleural pressure. One of these forces relates to the elasticity of the lungs themselves—elastic tissue pulls the lungs inward, away from the thoracic wall. Surface tension of the alveolar fluid, which is mostly water, also creates an inward pull of the lung tissue. This inward tension from the lungs is countered by opposing forces from the pleural fluid and thoracic wall. Surface tension within the pleural cavity pulls the lungs outward. Too much or too little pleural fluid would hinder the creation of the negative intrapleural pressure; therefore, the level must be closely monitored by the mesothelial cells and drained by the lymphatic system. Since the parietal pleura is attached to the thoracic wall, the natural elasticity of the chest wall opposes the inward pull of the lungs. Ultimately, the outward pull is slightly greater than the inward pull, creating the –4 mm Hg intrapleural pressure relative to the intra-alveolar pressure. Transpulmonary pressure is the difference between the intrapleural and intra-alveolar pressures, and it determines the size of the lungs. A higher transpulmonary pressure corresponds to a larger lung.
  Physical factors affecting ventilation
 In addition to the differences in pressures, breathing is also dependent upon the contraction and relaxation of muscle fibers of both the diaphragm and thorax. The lungs themselves are passive during breathing, meaning they are not involved in creating the movement that helps inspiration and expiration. This is because of the adhesive nature of the pleural fluid, which allows the lungs to be pulled outward when the thoracic wall moves during inspiration. The recoil of the thoracic wall during expiration causes compression of the lungs. Contraction and relaxation of the diaphragm and intercostals muscles (found between the ribs) cause most of the pressure changes that result in inspiration and expiration. These muscle movements and subsequent pressure changes cause air to either rush in or be forced out of the lungs.
 Other characteristics of the lungs influence the effort that must be expended to ventilate. Resistance is a force that slows motion, in this case, the flow of gases. The size of the airway is the primary factor affecting resistance. A small tubular diameter forces air through a smaller space, causing more collisions of air molecules with the walls of the airways. The following formula helps to describe the relationship between airway resistance and pressure changes:
 F=∆P/RF=∆P/R

 As noted earlier, there is surface tension within the alveoli caused by water present in the lining of the alveoli. This surface tension tends to inhibit expansion of the alveoli. However, pulmonary surfactant secreted by type II alveolar cells mixes with that water and helps reduce this surface tension. Without pulmonary surfactant, the alveoli would collapse during expiration.
 Thoracic wall compliance is the ability of the thoracic wall to stretch while under pressure. This can also affect the effort expended in the process of breathing. In order for inspiration to occur, the thoracic cavity must expand. The expansion of the thoracic cavity directly influences the capacity of the lungs to expand. If the tissues of the thoracic wall are not very compliant, it will be difficult to expand the thorax to increase the size of the lungs.
 Gas laws and air composition
 Gas molecules exert a force on the surfaces with which they are in contact; this force is called pressure. In natural systems, gases are normally present as a mixture of different types of molecules. For example, the atmosphere consists of oxygen, nitrogen, carbon dioxide, and other gaseous molecules, and this gaseous mixture exerts a certain pressure referred to as atmospheric pressure (Table 2.1). Partial pressure (Px) is the pressure of a single type of gas in a mixture of gases. For example, in the atmosphere, oxygen exerts a partial pressure, and nitrogen exerts another partial pressure, independent of the partial pressure of oxygen (Figure 2.15). Total pressure is the sum of all the partial pressures of a gaseous mixture. Dalton’s law describes the behavior of nonreactive gases in a gaseous mixture and states that a specific gas type in a mixture exerts its own pressure; thus, the total pressure exerted by a mixture of gases is the sum of the partial pressures of the gases in the mixture.
 Table 1. Partial and total pressures of a gas.
 	Partial Pressures of Atmospheric Gases 
 	Gas 	Percent of total composition 	Partial pressure 
 (mm Hg)
 
  	Nitrogen (N2) 	78.6 	597.4 
 	Oxygen (O2) 	20.9 	158.8 
 	Water (H2O) 	0.4 	3.0 
 	Carbon dioxide (CO2) 	0.04 	0.3 
 	Others 	0.06 	0.5 
 	Total composition/total atmospheric pressure 	100% 	760.0 
  
 
 [image: The left panel of this figure shows a canister of oxygen. The middle panel shows a canister of nitrogen. The right panel shows a canister containing a mixture of oxygen and nitrogen. A pressure gauge on each container shows the pressure exerted by the gas in that container.]Figure 2.15. Partial pressure is the force exerted by a gas. The sum of the partial pressures of all the gases in a mixture equals the total pressure.  Partial pressure is extremely important in predicting the movement of gases. Recall that gases tend to equalize their pressure in two regions that are connected. A gas will move from an area where its partial pressure is higher to an area where its partial pressure is lower. In addition, the greater the partial pressure difference between the two areas, the more rapid is the movement of gases.
  Solubility of gases in liquids
 Henry’s law describes the behavior of gases when they come into contact with a liquid, such as blood. Henry’s law states that the concentration of gas in a liquid is directly proportional to the solubility and partial pressure of that gas. The greater the partial pressure of the gas, the greater the number of gas molecules that will dissolve in the liquid. The concentration of the gas in a liquid is also dependent on the solubility of the gas in the liquid. For example, although nitrogen is present in the atmosphere, very little nitrogen dissolves into the blood because the solubility of nitrogen in blood is very low. The exception to this occurs in scuba divers; the composition of the compressed air that divers breathe causes nitrogen to have a higher partial pressure than normal, causing it to dissolve in the blood in greater amounts than normal. Too much nitrogen in the bloodstream results in a serious condition that can be fatal if not corrected. Gas molecules establish an equilibrium between those molecules dissolved in liquid and those in the air.
 The composition of air in the atmosphere and in the alveoli differs. In both cases, the relative concentration of gases is nitrogen > oxygen > water vapor > carbon dioxide. The amount of water vapor present in the alveolar air is greater than that in atmospheric air (Table 2.2). Recall that the respiratory system works to humidify incoming air, thereby causing the air present in the alveoli to have a greater amount of water vapor than atmospheric air. In addition, alveolar air contains a greater amount of carbon dioxide and less oxygen than atmospheric air. This is no surprise, as gas exchange removes oxygen from and adds carbon dioxide to the alveolar air. Both deep and forced breathing cause the alveolar air composition to be changed more rapidly than during quiet breathing. As a result, the partial pressures of oxygen and carbon dioxide change, affecting the diffusion process that moves these materials across the membrane. This will cause oxygen to enter and carbon dioxide to leave the blood more quickly.
 Table 2.2. Partial and total pressures of alveolar gases.
 	Composition and Partial Pressures of Alveolar Air 
 	Gas 	Percent of total composition 	Partial pressure 
 (mm Hg)
 
  	Nitrogen (N2) 	74.9 	569 
 	Oxygen (O2) 	13.7 	104 
 	Water (H2O) 	6.2 	40 
 	Carbon dioxide (CO2) 	5.2 	47 
 	Total composition/total alveolar pressure 	100% 	760.0 
  
 Overall, the partial pressure of oxygen in alveolar air is about 104 mm Hg, whereas the partial pressure of the oxygenated pulmonary venous blood is about 100 mm Hg. When ventilation is sufficient, oxygen enters the alveoli at a high rate, and the partial pressure of oxygen in the alveoli remains high. In contrast, when ventilation is insufficient, the partial pressure of oxygen in the alveoli drops. Without the large difference in partial pressure between the alveoli and the blood, oxygen does not diffuse efficiently across the respiratory membrane. The body has mechanisms that counteract this problem. In cases when ventilation is not sufficient for an alveolus, the body redirects blood flow to alveoli that are receiving sufficient ventilation. This is achieved by constricting the pulmonary arterioles that serves the dysfunctional alveolus, which redirects blood to other alveoli that have sufficient ventilation. At the same time, the pulmonary arterioles that serve alveoli receiving sufficient ventilation vasodilate, which brings in greater blood flow. Factors such as carbon dioxide, oxygen, and pH levels can all serve as stimuli for adjusting blood flow in the capillary networks associated with the alveoli.
 Ventilation is regulated by the diameter of the airways, whereas perfusion is regulated by the diameter of the blood vessels. The diameter of the bronchioles is sensitive to the partial pressure of carbon dioxide in the alveoli. A greater partial pressure of carbon dioxide in the alveoli causes the bronchioles to increase their diameter as will a decreased level of oxygen in the blood supply, allowing carbon dioxide to be exhaled from the body at a greater rate. As mentioned above, a greater partial pressure of oxygen in the alveoli causes the pulmonary arterioles to dilate, increasing blood flow.
    	[image: Questions] 	Question 2.6 Gas moves from an area of ________ partial pressure to an area of ________ partial pressure.
 a. low; high
 b. low; low
 c. high; high
 d. high; low
 
  
 	[image: Questions] 	Question 2.7 The partial pressure of carbon dioxide is 45 mm Hg in the blood and 40 mm Hg in the alveoli. What happens to the carbon dioxide?
 a. It diffuses into the blood.
 b. It diffuses into the alveoli.
 c. The gradient is too small for carbon dioxide to diffuse.
 d. It decomposes into carbon and oxygen.
 
  
  	[image: Questions] 	Question 2.8
 A smoker develops damage to several alveoli that then can no longer function. How does this affect gas exchange? 
  
   
      

    

  

  




  
  







	2.3 – Gaseous Exchange Mechanisms -- Introductory Animal Physiology
	
	

		





2.3 – Gaseous Exchange Mechanisms


  
  	[image: Learning Outcomes] 	2.4. Compare counter- and crosscurrent exchange using specific respiratory system examples.
  
  

  Most gas exchange in the respiratory system structures in animals takes place in counter-current arrangement. In short, this means that the medium that delivers the oxygen (air or water) and the structures that the oxygen is delivered to are moving in directions opposite to one another. An example of this is a fish gill system (Figure 2.12). Another way that gas exchange can happen is through cross-current exchange in which the air carrying the oxygen is moving through the respiratory structures (parabronchi), which are positined perpendicular to the movement of blood around the parabronchi. (Figure 2.12). Please note that in the figure below, the oxygen-rich and oxygen-poor blood flow direction with respect to the secondary lamellae should be reversed (Figure 2.12a). Additonally, the flow of blood within the barabronchus (Figure 2.12b, direction flow should be from oxygen-poor to oxygen-rich blood). The open textbook developers and author are currently working on updating this figure.

  
    
      [image: This figure describes differences between counter- and cross-current flow and differences between unidirectional and tidal ventilation.]
    
    Figure 2.12. Comparison of gas exchange in gills, parabronchi, and alveoli. This figure was created and designed by Christine Shan, a graduate student in Biomedical Communications Masters program at the University of Toronto Mississauga (developed as a project in MSC2001Y Visual Representation of Medical Knowledge course in the BMC MSc program).
  
  	[image: Think] 	Question 2.9. Which one do you think is an example of counter-current and which one is an example of crosscurrent exchange?
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  	[image: Learning Outcomes] 	3.1. Explain how oxygen and carbon dioxide are transported in blood or equivalent fluid medium;  and
 3.2. Compare and contrast different circulatory systems using specific animal examples and evolution.
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  The content of this chapter was adapted from the
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  	[image: Learning Outcomes] 	4.1. Discuss osmoregulatory function challenges of animals living in terrestrial versus aquatic environments;
 4.2. Explain how ion and water balance function in sample animal saltwater systems;
 4.3. Explain how ion and water balance function in sample animal freshwater systems; and,
 4.4. Explain how ion and water balance function in sample animal terrestrial systems.
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  	[image: Learning Outcomes] 	4.1 Discuss osmoregulatory function challenges of animals living in terrestrial versus aquatic environments;
 4.2. Explain how ion and water balance function in sample animal saltwater systems; and,
 4.3. Explain how ion and water balance function in sample animal freshwater systems.
  
  

  The content of this chapter was adapted from the
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  	[image: Learning Outcomes] 	4.4. Explain how ion and water balance function in sample animal terrestrial systems.
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  	[image: Learning Outcomes] 	5.1. List and briefly explain different types of energy relevant in biology;
 5.2. Compare and contrast digestive system structures in sample animal systems; and,
 5.3. Summarize chemical digestion of carbohydrates, proteins and fats and energy metabolism.
  
  

  The content of this chapter was adapted from the Concepts of Biology-1st Canadian Edition open textbook by Charles Molnar and Jane Gair and Anatomy and Physiology open textbook.
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  	[image: Learning Outcomes] 	5.1. List and briefly explain different types of energy relevant for biology.
  
  

  Cell’s metabolism and energy

  Scientists use the term
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  	[image: Learning Outcomes] 	5.2. Compare and contrast digestive system structures in sample animal systems.
  
  

  
    
      Animals maintain work and energy demands on their body through nutrition. They obtain their nutrition from the consumption of other organisms. Depending on their diet, animals can be classified into the following categories: plant eaters (herbivores), meat eaters (carnivores), and those that eat both plants and animals (omnivores). The nutrients and macromolecules present in food are not immediately accessible to the cells. There are a number of processes that modify food within the animal body in order to make the nutrients and organic molecules accessible for cellular function. As animals evolved in the complexity of form and function, their digestive systems have also evolved to accommodate their various dietary needs.

    

  

  
    
      
        
          
            Herbivores, omnivores, and carnivores
          

        

      

    

    Herbivores
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  	[image: Learning Outcomes] 	5.3. Summarize chemical digestion of carbohydrates, proteins and fats and energy metabolism.
  
  

  
    
      
        
          
            
              Food energy and ATP
            
          

        

      

    

    Animals need food to obtain energy and maintain homeostasis. Homeostasis is the ability of a system to maintain a stable internal environment even in the face of external changes to the environment. For example, the normal body temperature of humans is 37°C (98.6°F). Humans maintain this temperature even when the external temperature is hot or cold. It takes energy to maintain this body temperature, and animals obtain this energy from food.

    The primary source of energy for animals is carbohydrates, mainly glucose. Glucose is called the body’s fuel. The digestible carbohydrates in an animal’s diet are converted to glucose molecules through a series of catabolic chemical reactions.

    Adenosine triphosphate, or ATP, is the primary energy currency in cells; ATP stores energy in phosphate ester bonds. ATP releases energy when the phosphodiester bonds are broken and ATP is converted to ADP and a phosphate group. ATP is produced by the oxidative reactions in the cytoplasm and mitochondrion of the cell, where carbohydrates, proteins, and fats undergo a series of metabolic reactions collectively called cellular respiration. For example, glycolysis is a series of reactions in which glucose is converted to pyruvic acid and some of its chemical potential energy is transferred to NADH and ATP.

    ATP is required for all cellular functions. It is used to build the organic molecules that are required for cells and tissues; it provides energy for muscle contraction and for the transmission of electrical signals in the nervous system. When the amount of ATP is available in excess of the body’s requirements, the liver uses the excess ATP and excess glucose to produce molecules called glycogen. Glycogen is a polymeric form of glucose and is stored in the liver and skeletal muscle cells. When blood sugar drops, the liver releases glucose from stores of glycogen. Skeletal muscle converts glycogen to glucose during intense exercise. The process of converting glucose and excess ATP to glycogen and the storage of excess energy is an evolutionarily important step in helping animals deal with mobility, food shortages, and famine.

    
      
        
          
            
              Digestive system processes

            

            Obtaining nutrition and energy from food is a multi-step process. For true animals, the first step is ingestion, the act of taking in food. This is followed by digestion, absorption, and elimination. In the following sections, each of these steps will be discussed in detail.

            
              
                
                  
                    
                      
                        Ingestion
                      
                    

                  

                

              

              The large molecules found in intact food cannot pass through the cell membranes. Food needs to be broken into smaller particles so that animals can harness the nutrients and organic molecules. The first step in this process is
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  	[image: Learning Outcomes] 	6.1. Compare carbohydrate absorption in hummingbirds to absorption of this and other nutrients;
 6.2. List different types of muscles and briefly explain how they generate locomotion;
 6.3. Explain different types of locomotion with reference to environmental limitations and/or hard structure support for muscle function; and,
 6.4. Describe steps involved in muscle contraction.
  
  

  The content of this chapter was adapted from the Concepts of Biology-1st Canadian Edition open textbook by Charles Molnar and Jane Gair and Anatomy and Physiology open textbook.
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  	[image: Learning Outcomes] 	6.1. Compare carbohydrate absorption in hummingbirds to absorption of this and other nutrients.
  
  

  
    
      
        
          Nutrition and energy production

          Given the diversity of animal life on our planet, it is not surprising that the animal diet would also vary substantially. The animal diet is the source of materials needed for building DNA and other complex molecules needed for growth, maintenance, reproduction; collectively these processes are called biosynthesis. The diet is also the source of materials for ATP production in the cells, which fuels animal locomotion among many other processes. The diet must be balanced to provide the minerals and vitamins that are required for cellular function.

          
            Food requirements
          

        

      

    

    What are the fundamental requirements of the animal diet? The animal diet should be well balanced and provide nutrients required for bodily function and the minerals and vitamins required for maintaining structure and regulation necessary for good health and reproductive capability. These requirements for a human are illustrated graphically in
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  	[image: Learning Outcomes] 	6.2. List different types of muscles and briefly explain how they generate locomotion.
  
  

  Types of muscle tissue

  Nutrients that animals obtained are used for ATP production, which are fuels for the production of work by muscles, among other physiological processes in the animal bodies. Depending on what type of muscle tissues animals are using, they will use ATP differently to generate work. Overall, muscle cells are specialized 