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¢ Bioflix: Tour of an animal cell
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J Strategies for Success

Top Ten Ways to Succeed in
Classes that Use Active Learning

By Marilla Svinicki, Ph.D., former Director of the University of Texas Center for
Teaching Effectiveness

1.

Make the switch from an authority-based conception of learning to a
self-regulated conception of learning. Recognize and accept your
own responsibility for learning.

Be willing to take risks and go beyond what is presented in class or
the text.

Be able to tolerate ambiguity and frustration in the interest of
understanding.

See errors as opportunities to learn rather than failures. Be willing to
make mistakes in class or in study groups so that you can learn from
them.

5. Engage in active listening to what’s happening in class.

6. Trust the instructor’s experience in designing class activities and par-

ticipate willingly if not enthusiastically.

7. Be willing to express an opinion or hazard a guess.

8. Accept feedback in the spirit of learning rather than as a reflection of

10.

you as a person.
Prepare for class physically, mentally, and materially (do the reading,
work the problems, etc.).

Provide support for your classmate’s attempts to learn. The best way
to learn something well is to teach it to someone who doesn’t
understand.

Dr. Dee’s Eleventh Rule:
DON'T PANIC! Pushing yourself beyond the comfort zone is scary,

but you have to do it in order to improve.

Word Roots for Physiology

Simplify physiology and medicine by learning Latin and Greek word
roots. The list below has some of the most common ones.

Using the list, can you figure out what hyperkalemia means?*

a- or an- without, absence
anti- against

-ase signifies an enzyme
auto self

bi- two

brady- slow

cardio- heart

cephalo- head
cerebro- brain

contra- against

-crine a secretion
crypt- hidden

cutan- skin

-cyte or cyto- cell

de- without, lacking
di- two

dys- difficult, faulty
-elle small

-emia in the blood
endo- inside or within
epi- over

erythro- red

exo- outside

extra- outside

gastro- stomach

-gen, -genie produce
gluco-, glyco- sugar or sweet
hemi- half

hemo- blood

hepato- liver

homo- same

hydro- water

hyper- above or excess

potassium

hypo- beneath or deficient
inter- between

intra- within

-itis inflammation of

kali- potassium

leuko- white

lipo- fat

lumen inside of a hollow tube
-lysis split apart or rupture
macro- large

micro- small

mono- one

multi- many

myo- muscle

oligo- little, few

para- near, close

patho-, -pathy related to
disease

peri- around

poly- many

post- after

pre- before

pro- before

pseudo- false

re- again

retro- backward or behind
semi- half

sub- below

super- above, beyond
supra- above, on top of
tachy- rapid

trans- across, through

*Hyper = excess, kali = potassium, -emia = in the blood, or elevated blood



J Owner’s Manual

Welcome to Human Physiology! As you begin your study of the human
body, one of your main tasks will be to construct for yourself a global view
of the body, its systems, and the many processes that keep the systems
working. This “big picture” is what physiologists call the integration of
systems, and it is a key theme in this book. To integrate information, how-
ever, you must do more than simply memorize it. You need to truly under-
stand it and be able to use it to solve problems that you have never
encountered before. If you are headed for a career in the health profes-
sions, you will do this in the clinics. If you plan a career in biology, you
will solve problems in the laboratory, field, or classroom. Analyzing, syn-
thesizing, and evaluating information are skills you need to develop while
you are in school, and I hope that the features of this book will help you
with this goal.
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Pattern recognition is important for all healthcare professionals, so
you can begin to develop this skill by learning the core concepts of physi-
ology that repeat over and over as you study different organ systems. The
core concepts are introduced in Unit 1, and each chapter begins with a brief
summary of the core concepts in that chapter.

We have also retained the four approaches to learning physiology
that proved so popular since this book was first published.

1. Cellular and Molecular Physiology
Most physiological research today is being done at the cellular and
molecular level, and there are constantly exciting developments in
molecular medicine and physiology. For example, scientists have
discovered a new method of cell-to-cell communication: exosomes

and ectosomes. We are still learning how these extracellular vesicles
play a role in health and disease. Look for similar links between
molecular and cellular biology, physiology, and medicine through-
out the book.

2. Physiology is a Dynamic Field
Physiology is a dynamic discipline, with numerous unanswered
questions that merit further investigation and research. Many of the
“facts” presented in this text are really only our current theories, so
you should be prepared to update your mental models as new infor-
mation emerges from scientific research.

3. Physiology is Integrative
The organ systems of the body do not work in isolation, although we
study them one at a time. To emphasize the integrative nature of
physiology, three chapters (Chapters 14, 21, and 25) focus on how the
physiological processes of multiple organ systems coordinate with
each other, especially when homeostasis is challenged.

4. A Focus on Problem Solving
One of the most valuable life skills all students should acquire is the
ability to think critically and use information to solve problems. As
you study physiology, you should be prepared to practice these
skills. You will find a number of “test yourself” questions designed to
challenge your critical thinking and analysis skills.

One of my aims is to provide you not only with information about
how the human body functions but also with tips for studying and prob-
lem solving. Many of these study aids have been developed with the input
of my students, so I think you may find them particularly helpful. The list
below is a brief tour of the special features of the book, especially those
that you may not have encountered previously in textbooks. Please take a
few minutes to read about them so that you can make optimum use of the
book as you study.

* Learning Outcomes on the chapter opening page list the key ques-
tions you should be able to answer by the end of the chapter.

* Background Basics, also on the chapter opening page, lists topics
you will need to master for understanding the material that follows.
The terms include links for review.

* Anatomy Summaries provide succinct visual overviews of a physio-
logical system from a macro to micro perspective. Whether you are
learning the anatomy for the first time or refreshing your memory,
these summaries show you the essential features of each system in a
single figure

e Essentials and Review figures occur throughout the book. These fig-
ures distill the basics about a topic onto one or two pages, much as
the Anatomy Summaries do. My students tell me they find them par-
ticularly useful for review when there isn’t time to go back and read
all the text.

* Reflex Pathways & Concept Maps organize physiological processes
and details into a logical, visual format. These figures use consistent
colors and shapes to represent different steps, making it easier to
understand complex physiological processes. Chapter 1 includes a
special Focus On feature showing you how to do your own concept
mapping.

* Running Problems in each chapter are clinical scenarios related to the
chapter topic. Read the segments as you work through the text and see
if you can answer the questions that ask you to apply what you're
learning to the problem. Answers are in the summary table at the con-
clusion of the problem.



e Figure Questions and Graph Questions challenge you to apply
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® Concept Checks are placed at intervals throughout the chapters,
helping to test your understanding before continuing to the next
topic. Click the interactive buttons to show the answer or get a hint.

® Quick Reference to Integrated Media by Chapter provides an easy
reference to key animations and videos.

¢ The Appendices have answers to the end-of-chapter questions, as well
as reviews of physics, logarithms, and basic genetics.

e The Useful Resources section of the eTextbook includes a periodic
table of the elements, diagrams of anatomical positions of the body,
tables with unit conversions. and normal values of blood components.

Take a few minutes to look at all these features so that you can make
optimum use of them.

It is my hope that by using this book, you will develop an integrated
view of physiology that allows you to enter your chosen profession with
respect for the complexity of the human body and a clear vision of the
potential of physiological and biomedical research. May you find physiol-
ogy as fun and exciting I do. Good luck with your studies!

Warmest regards,
Dr. Dee (as my students call me)

Reproductive silverthorn@utexas.edu
system
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marine science from the
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ences at the University of
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lial transport in systems
ranging from the crab gill to the chick allantoic membrane. Dr. Dee
has taught in a variety of settings, from medical schools (Medical
University of South Carolina, Dell Medical School, UT-Austin) to
high school. For most of her career, at the University of Texas—
Austin, she has taught undergraduate and graduate physiology
lectures and labs, and she trains graduate students to develop
teaching skills in the life sciences. Dr. Dee has received numerous
teaching awards and honors, including a UT System Regents’
Outstanding Teaching Award, the American Physiological Society
(APS) Arthur C. Guyton Physiology Educator of the Year, and
multiple UT-Austin awards, including the Burnt Orange Apple
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served as editor-in-chief of Advances in Physiology Education, and
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I would like to dedicate this 9th edition to all the people who have worked out
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physiologists, educators, and publishing professionals alike. A special thanks
goes to two of my editors—DKB and AAR—for their vision and support.




The Ninth Edition of Human Physiology: An Integrated Approach
builds upon the thorough coverage of integrative and molecular
physiology topics that have always been the foundation of this
book. It has been nearly eight years since the last revision, and a lot
has changed in the world of physiology and medicine, including
the global SARS-CoV-2 pandemic. Studying the pathophysiology

New to this Edition

of COVID-19 made biomedical scientists aware of how the
immune system influences body functions in ways we had not
previously realized. In recognition of that fact, we have promoted
the immune system from Chapter 24 in the last edition to Chap-
ter 7, giving it new status as the third control system, coordinating
with the nervous and endocrine systems through chemical signals.

Core Concepts in Physiology

Core Structure-
Concept function

Molecular
interactions

Compartmentation Energy

Gradients Communication | Homeostasis Mass balance
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The other major change in this edition is a focus throughout
the book on the core concepts of physiology. The eight selected
core concepts are introduced and discussed, along with their icons,
in Unit 1, then become a unifying theme throughout the text. The
four units in the book—Core Concepts in Physiology; Homeosta-
sis, Communication, and Control; Integration of Function; and
Metabolism, Growth, and Reproduction—are now introduced
with a visual overview page that previews the unit’s chapters.
Each chapter begins with a brief introduction to the core concepts
featured in that chapter. Core concept icons can be found on many
pieces of art, challenging students to see if they can find the core
concept represented in the art. Finally, the text chapter summaries
have been replaced with visual summaries, many featuring new
art, that review the key ideas covered in the chapter.

This edition was written to take advantage of the interac-
tive features available only in the eTextbook. Answers to the
Concept Checks and Figure and Graph questions are now visible
with a click on the SHOW ANSWER button, as are HINTS. Key
words have popup definitions, and the links for quick review of
topics covered earlier in the book take you to that content. Short
animations and the Physiology in Action videos featuring two of
my early-career colleagues are embedded right in the eTextbook.
Learn more about the other features of Pearson eTextbooks after
the Owner’s Manual.

Finally, when revising this book, we kept in mind the new
HAPS Physiology Learning Outcomes (PLOs) for Human
Physiology. https://www.hapsweb.org/haps-learning-outcomes/haps-
physiology-learning-outcomes/. There can be tremendous variabil-
ity in how introductory physiology is taught, so a correlation
guide between this ninth edition’s learning outcomes and the
HAPS PLOs has been provided within the Instructor Resources.
In addition, we reviewed the entire text and updated language
Vi

Chapter 14 Summary

There are mary ways to control the functions of muscles and glands of the body, but neural
raflexes are the simplest and fastest. Postumal and spinal reflaxes follow the basic pattarn of

a reflex: sansory input i integrated in the CNS, then acted on when an output signal goes.
to skeletal muscles, Voluntary movements do not require sansory inpaut to be initiated, but
thay integrate sensory feedback to ensure smoath execution.
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Reflex Integration
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to be more inclusive, following suggested guidelines from the
U.S. National Institutes of Health and various biomedical and
clinical societies. All art has been updated to reflect the latest
WCAG guidelines to ensure our figures are fully accessible to all
learners.



As always, the major focus of the book is to incorporate the
latest findings from biomedical research and relate them to
the physiology that is the basis for human health and disease. The
list that follows highlights the new content in this ninth edition.

] Chapter-by-Chapter
Changes in the Ninth
Edition

Chapter 1 Introduction
to Physiology

* Revised themes into eight core concepts. Added gradients as
a core concept

e New core concepts figure with icons
e Updated discussion of reflex loops

® Adds open-loop and closed-loop control systems to ad-
dress misconception that all reflexes are for homeostasis

¢ Difference between regulated and controlled variables
¢ New table of 10 key regulated physiological variables

e New figure of homeostatic control system model with a regu-
lated variable

¢ New Running Problem on searching for information about
health benefits of probiotics; added artificial intelligence as a
search method

e Updated
e “Omics” box and added multiomics

e Use of the word normal

Chapter 2 Molecular Interaction

e Updated research on chromium picolinate (Running Problem)
¢ Revised Section 2.3 on protein binding interactions

* Added motor proteins to protein function list

Chapter 3 Compartmentation: Cells
and Tissues

e Added transcellular compartments to body compartmentation

e Section 3.3 on Cells updated and revised. New art and table
in Fig. 3.4

¢ Updated discussion on mitochondrial dynamics
e Primary cilia moved from Emerging Topics box into the text
* New topics: biomolecular condensates, proteasomes and
ubiquitin
® Clearly distinguished inclusions from nonmembranous
organelles
e Section 3.4 Tissues

e (larification of difference between basal lamina and base-
ment membrane

New to this Edition  Vii

e Added specialized epithelia as a sixth category
® Added the ependyma to ciliated epithelia

e Section 3.5: Updated discussion on stem cells includes organ-
oids and regenerative medicine

Chapter 4 Energy and Cellular
Metabolism

* New figure on the electron transport system

Chapter 5 Membrane Dynamics

e Updated Section 5.5 on vesicular transport

® Revised mechanisms: micropinocytosis, clathrin-depend-
ent and -independent endocytosis

e Extracellular vesicles: exosomes and ectosomes
e New map of vesicular transport
¢ Added discussion of ectoenzymes

e Updated information on cystic fibrosis

Chapter 6 Communication,
Integration, and Homeostasis

® Added immune system as the third control system
e Updated information on cytokines
¢ New figure showing neuro-endo-immune interactions

e Added extracellular vesicles to discussion and art

Chapter 7 The Immune System

This chapter was rewritten to focus on the immune system’s role
as a control system.

e Multiple figures were significantly revised. Added two new
figures
¢ Updated ethnic distributions of blood types table
e Added information on:
¢ Lifestyle-associated molecular patterns or LAMPs
e Toll-like receptors (TLRs)
¢ Pro-inflammatory cytokines
e SARS-CoV-2, COVID-19, coronavirus

Chapter 8 Introduction to the
Endocrine System

e Updated information on calcitonin gene-related peptide
(CGRP) and migraine

¢ Updated information on oxytocin and autism

Chapter 9 Neurons: Cellular and
Network Properties

e New introduction on undergraduate researchers and cone
snail toxins

e Updated discussions and revised figures:

e Neuron structure and function



viii New to this Edition

e Channel activation and inactivation

* Axonal transport

e mRNA transport and neuronal protein synthesis
¢ Glial cell functions

¢ Types of neurotransmitter receptors (Tbl. 9.4)

¢ Signaling by gaseous signal molecules

® Mechanisms for LTP and LTD, including local protein syn-
thesis in dendrites

¢ Plasticity
e Updated Try It! box on Venus flytrap action potential mechanism

Chapter 10 The Central Nervous
System
* Moved glymphatics from Emerging Concepts box into the text
e New art for blood-brain barrier
e Paravascular CSF flow
¢ Note on changing terminology for CNS directions

* New section on mind-body interactions and
psychoneuroimmunology

¢ Updated information on:
* Alzheimer’s
¢ BRAIN initiative progress
¢ Emergent properties
e Evolution of electrical signaling
e Added:
¢ Nonmotor functions of the cerebellum
¢ Role of pericytes in control of cerebral blood flow

¢ Associative learning doesn’t require a brain

Chapter 11 Sensory Physiology

¢ New introduction to Meniere’s Running Problem (astronaut
Alan Shepard)

e New box on COVID-19 and loss of taste and smell
¢ Updated model of pain and nociception
¢ Gate control theory of pain is no longer the current model
¢ Updated:
e Sound transduction
* Melanopsin and mRCG cells
e Models for taste cell transduction
e Added:

e Piezo cation channels and TRPV1 ion channels for somatic
senses

* 2021 Nobel Prize in Physiology or Medicine for sensory
receptors

¢ Intrinsically photosensitive retinal ganglion cell (ipRGC)

e Blood-retinal barrier

Chapter 12 Efferent Division:
Autonomic and Somatic Motor
Control

e Expanded somatic motor disorders
* Myasthenia gravis
¢ Poliomyelitis
e Lambert-Eaton myasthenic syndrome
¢ Transcutaneous vagal nerve stimulation in medicine

¢ Updated information on nicotine addiction to include vaping
and recent statistics

Chapter 13 Muscles

e Changed sliding filament theory to sliding filament mechanism
¢ Updated information about myosin family of proteins
e Updated figure of muscle fiber mitochondrial anatomy
¢ Introduced new theories:
* Role of titin in muscle contraction
¢ Branching of sarcomeres

* Myosin activation in sliding filament mechanism

Chapter 14 Integrative Physiology I:
Control of Body Movement

* Revised discussion of proprioception

e Updated functions of spindles, joint receptors, Golgi ten-
don organs

* Add Piezo2 ion channels
¢ Updated information on deep brain stimulation for Parkinson’s
* New examples of innate reflexes

¢ Clinical applications of reflex testing

Chapter 15 Cardiovascular
Physiology
* New title for Section 15.2 Core Concept: Gradients and Flow

* Review gradients from earlier chapters and relate to pres-
sure gradients

* Expanded discussion of cyanosis to reflect signs in people
with dark skin

¢ Introduced sinoatrial and atrioventricular nodes and Purkinje
fiber cells as the three autorhythmic tissues of the heart

* New terminology: His-Purkinje system

e (Clarify that all ventricular conducting cells are Purkinje
fiber cells

Chapter 16 Blood Flow and the
Control of Blood Pressure

* Added focus on core concepts of mass balance and
homeostasis



Corrected model for anatomy of the microcirculation, with
new text and new art

Reorganized discussion on blood pressure, resistance, and
flow to tissues

Added intraosseous infusion into bone marrow sinusoids
Updated:

* Vasovagal (neurocardiogenic) syncope

¢ Lymphatics, with new art

e Myogenic autoregulation

e Cardiovascular disease

Chapter 17 Blood

e Consolidated discussion of iron homeostasis with 2 new

figures
e Ferroportin (FPN)
* Hepcidin

e Updated:

* Thrombopoietin and thrombopoietin receptor agonists
(TPO-RAS)

* Gene therapy for sickle cell disease
¢ Platelet-rich plasma

¢ Schematic of hematopoietic stem cells and hematopoietic
cytokines

* Gene therapy for hemophilia

Chapter 18 Mechanics of Breathing

New introduction about COVID-19 and the respiratory system
New discussion, figure, and table of airway epithelial cells

® Club cells, ionocytes, tuft cells, pulmonary neuroendocrine
cells, and basal cells

e Periciliary mucus layer

New section on respiratory system defense mechanisms
Revised:

* Discussion of gas laws

e Effect of altitude on gas partial pressures

Updated type II alveolar cell functions

Chapter 19 Gas Exchange and
Transport

Revised model and new figure on central control of
breathing

* Respiratory central pattern generator (rCPG)
¢ Pontine-medullary network

Updated:

o Factors that affect pulse oximeter accuracy

¢ Blood substitutes

e Protective reflexes

New to this Edition iX

Chapter 20 The Kidneys

* Added alternate terminology for anatomical structures
e Updated:

* Mesangial cell functions
e Gout and uric acid excretion

e SGLT2 inhibitors and urate excretion

* Moved Glucosuria and Diabetes Try It! activity to Chapter 23

Chapter 21 Integrative Physiology II:
Fluid and Electrolyte Balance

e New Clinical Focus box and figure on SARS-CoV-2 and

ACE2

e New Try It! box on Osmotic Diuresis with calculations
e Updated:

¢ Cell volume regulation

* Vasopressin pathologies

Chapter 22 The Digestive System

Reorganized to put function before anatomy
* Moved hepatic portal system to anatomy section

* New discussion and figure of gut mucosal cells, including
immune cells of the mucosa

e Lymphoid follicles
e Paneth cells
¢ Enteroendocrine cells (EEC)
New Section 22.3 on overview of digestive processes
New Section 22.9 on microbiome and gut-brain communication

Expanded discussion and new figure on bile salt recycling
and enterohepatic circulation

Updated:

o Table 22.1 on signal peptides

¢ Guanylin and uroguanylin in natriuretic peptide family
* Role of immune system in digestive diseases

* Section 22.8 on defense mechanisms

e Information on colorectal cancer

Chapter 23 Metabolism and Energy
Balance

Reorganized introduction to put energy balance before food
intake

Revised model for control of food intake

* Set point theory

¢ Role of POMC and agouti-related peptide (AgRP)
Updated discussion of body mass index (BMI)
Updated:

e Statistics on obesity and diabetes



X New to this Edition

e Table 23.4 on drugs for diabetes
® Semaglutide
¢ New information on diagnosis and treatment of diabetes
¢ Hemoglobin A1C (HbAlc)

e New section on how physiology is related to drug devel-
opment for diabetes

e Try It! box on glucosuria and insulin

Chapter 24 Endocrine Control of
Growth and Metabolism
e Updated information on growth hormone therapy
¢ Updated information on control of bone remodeling
¢ Coupling of bone remodeling
¢ (lastokines
e Updated information on calcitonin

¢ Calcitonin gene-related peptide (CGRP)

Chapter 25 Integrative Physiology III:
Exercise

e Updated model of autonomic control of heart rate increase
during exercise

Discussion of difficulty of doing research on exercise
Updated chemical signals affecting exercise metabolism

e Myokines and exerkines

Chapter 26 Reproduction and
Development

Updated discussions on:
¢ Biological sex and gender

* Sex as a biological variable and the importance of sex in
health and disease

Revised discussion of sex determination and differentiation
e X chromosome inactivation

e Testis-determining genes: SRY and SOX9 genes

Revised figure and explanation of gametogenesis

Introduction of differences of sex development (DSD) and
ambiguous genitalia

¢ Non-invasive prenatal testing (NIPT)
Role of exosomes in sperm maturation
Updated table on contractive methods

Revised model for endocrine control of initiation of labor



The Pearson eTextbook is a simple-to-use, mobile-optimized, per-
sonalized reading experience. It allows students to easily high-
light, take notes, listen to the textbook, and review vocabulary all
in one—even when offline. Students using the Pearson eTextbook
will reap all the benefits of the new text features, while also bene-
fitting from the following new and existing interactive features,
which are integrated directly into the online text:

EXPANDED! Over 50 animations and videos embedded in
the Pearson eTextbook bring A&P concepts to life featuring A&P
Flix, Interactive Physiology, BioFlix, and more.

NEW! Hot Topics in Physiology bring regularly updated
author-written articles to the eTextbook to inform readers of new
research and developments in human physiology today. Located

in each unit opener, these articles help students relate core content
to the world around them.

NEW! AI Study Tool pulls from vetted Pearson content to
help students achieve proficiency and master key course concepts.
Our generative Al chat tool goes beyond a one-size-fits-all
approach to provide individualized support, practice and feed-
back that meet the unique needs of every learner.

Pearson eTextbook

NEW! Quick Reference—Pearson eTextbook Integrated
Media by Chapter provides easy reference to key animations and
videos available for each chapter in the eTextbook and in Mastering.
Media call-outs are also highlighted in the relevant chapter pages.
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— What’s New in Mastering A&P —

Mastering A&P is the most widely used online assessment and
tutorial program for A&P, providing an extensive library of hun-
dreds of animations, tutorials, and questions that are graded auto-
matically.

NEW: Interactive Reading Assignments let students read,
watch and practice in one seamless experience. Instructors can
now assign specific sections of the eTextbook plus coaching and
drag and drop assignments, and more for auto-grading.
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NEW! Interactive Labs for Anatomy and Physiology are a
fully customizable and auto-graded wet lab experience for your
specific course objectives. Students engage with thought-provoking
readings, videos, and realistic simulations aimed at critical thinking
and data interpretation. These virtual labs can be assigned as a wet
lab replacement, pre-lab preparation, post-lab review, or as a make-
up lab. We recommend previewing the pre-built learning path by
navigating to the Assignment Manager>Create>Import Pre-Built
Assignment. See section below on Assignment Settings, Scoring,
and LMS Integration.

EXPANDED! Interactive Physiology 2.0 helps students
advance beyond memorization to a genuine understanding of the
toughest topics in A&P. Fully accessible on all mobile devices. I.P.
2.0 tutorials are assignable as coaching activities in Mastering
A&P. New topics include Carbon Dioxide Transport and Exchange
and Propagation of an Action Potential.

PhysioEx™10.0 Laboratory Simulations in Physiology pro-
vide newly formatted exercises in HTML for increased stability,
web browser flexibility, and improved accessibility. The 12 Exer-
cises contain 63 easy-to-use laboratory simulation activities that

Xii

complement or replace wet labs, including those that are expen-
sive or time-consuming to perform in class. PhysioEx allows
students to repeat labs as often as they like, perform experiments
without harming live animals, and conduct experiments that are
difficult to perform in a wet lab environment because of time, cost,
or safety concerns.

NEW! Gap Finder: A&P Diagnostic Assessment identifies
any student knowledge gaps for material they should know for
success in the course. This Diagnostic module contains approxi-
mately 130 questions based on these topics: Study Skills, Math
Essentials, Chemistry Basics, Cell Biology Basics, and Biology
Basics. Instructors can deselect as many questions as they want.
There’s no minimum number they have to adhere to in order for
the program to work.

NEW and UPDATED! Dynamic Study Modules have been
updated to reflect new content in the ninth edition. In addition,
shadow questions, that change the root of the question, have been
created for select questions to help keep students from memoriz-
ing questions.

NEW! Practice Anatomy Lab (PAL 4.0) featuring fully inter-
active 3-D models and custom assignability of your structure list
is available in Mastering Assignment Manager and student
Study Area.
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NEW! Histology Videos include 10 new videos of histology
tissues that provide short, focused walk-throughs of commonly
covered tissue types in A&P.

NEW! TEAS and HESI exam practice questions help stu-
dents prep for nursing school entrance exams with 150 TEAS and
300 HESI multiple-choice questions with wrong answer feedback
for all questions.

UPDATED! Instructor Resources. This area of Mastering pro-
vides one-stop shopping for PowerPoint Lecture Presentations; all
figures in JPEG and PPT format; Instructor Guide with Running
Problems; Test Bank; animations; videos; Interactive Physiology
(including the worksheets); Clinical Case Studies with Teaching
Strategies and case study worksheets; PAL 4.0 Resources; PhysioEx



Resources; Interactive Lab Resources; and the new HAPS Learning
Outcomes Correlation Guide.

NEW! Teaching Strategies for Active Learning is an invalu-
able resource for instructors looking for strategies for actively
engaging students in the classroom. Edited by Cathy Whiting, this
manual includes over 40 hands-on activities on key topics in A&P
submitted by thought leaders across the country. Each activity is
tied to HAPS Learning Outcomes and includes estimated time for
the activity.

What's New in Mastering A&P  Xiii

Learning Catalytics allows students to use their smartphone,
tablet, or laptop to respond to questions in class. For more
information, visit learningcatalytics.com.

Study Area features Resources by chapter; Practice Quizzes;
TEAS & HESI Exam Practice, Animations and Videos including
“Physiology in Action”; Interactive Physiology 2.0; Practice
Anatomy Lab 4.0; Physio Ex; Clinical Case Studies, and more.



Writing, editing, and publishing a textbook is a group project that
requires the talent and expertise of many people. No one scientist
has the detailed background needed in all areas to write a book of
this scope, and I am indebted to all my colleagues who so gener-
ously share their expertise in each edition. I particularly want to
acknowledge Bruce Johnson, Cornell University, Department of
Neurobiology and Behavior, a superb neurobiologist and educator,
who once again ensured that the chapters on neurobiology are accu-
rate and reflect the latest developments in that rapidly changing
field. Bruce was joined in this edition by Michael Chirillo, UT-Austin
Center for Learning and Memory, a former graduate teaching assis-
tant of mine who has worked with me for over ten years. You can
meet Michael if you watch the Physiology in Action videos.

The art team of Bill Ober, MD, and Claire Ober, RN, has
worked with me since the first edition, and I am always grateful
for their scientifically astute suggestions and revisions. They have
been joined by Anita Impagliazzo, who brings a fresh eye and new
figure ideas to our illustration program.

As we were developing the new core concepts chapter intro-
ductions and visual summaries for this edition, I relied on feed-
back from several colleagues to tell me if what I was creating
would be helpful for their teaching. Thanks go to Jennifer Stokes,
Jan M. Machart, Jennifer L. Thompson, and Meg Flemming for
their prompt and honest input.

Special thanks go to some of my former students who over the
years suggested topics and created storyboards for running problems:
Matt Pahnke, Susan E. Johnson, Claire Conroy, and Douglas Shannon.

Instructors and students often contact me directly about the
book, and for this edition I would particularly like to thank Collin
Ellis, Heidi Engelhardt, and David Poole for comments and sug-
gestions. Thanks also to my students who keep me informed of the
typos that creep in no matter how many people look at the manu-
script in production.

Many other people devoted their time and energy to making
this book a reality, and I would like to thank them all, collectively
and individually. I apologize in advance to anyone whose name I
have omitted.

Ninth Edition Reviewers

I am particularly grateful to the instructors who reviewed one or
more chapters of the last edition. There were many suggestions in
their thoughtful reviews that I was unable to include in the text,
but and others that I did. I appreciate the time and thought that
went into their comments. The reviewers for this edition include:

e Sulekha Anand, San Jose State University

Erwin Bautista, University of California, Davis

Shawn Bearden, Idaho State University

Simone Brito, Fresno City College

George Brusch, Oklahoma State University
Xiv
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Many other instructors and students took time to write or
e-mail queries or suggestions for clarification, for which I thank
them. I am always delighted to have input, and I apologize that I
do not have room to acknowledge them all individually.

Specialty Reviews

No one can be an expert in every area of physiology, and I am
deeply grateful for my friends and colleagues who have reviewed
entire chapters or answered specific questions over many edi-
tions. Even with their help, there may be errors, for which I take
full responsibility.

In this edition, I am indebted to David Poole (Kansas State
University) for his input on exercise physiology and for guidance
to correct the erroneous figure of pre-capillary sphincters in the
microcirculation (Chapter 16) that can be found in most physiol-
ogy textbooks. Every instructor should read the article by Tatsuo
Sakai and Yasue Hosoyamada (https://link.springer.com/arti-
cle/10.1007/512576-013-0274-7) to learn how we perpetuate errors
in our teaching.

Photographs

I would like to thank Kristen Harris, University of Texas, who
generously provided micrographs of dendritic spines from her
research.

Supplements

Thank you to Meg Flemming, Austin Community College and Pat
Clark, Indiana University, Bloomington, for updating the Test
Bank, and to Eric Walsh, University of Wisconsin-Madison, for
revising the PowerPoints for the ninth edition. Mastering assets
for this edition were possible thanks to Catalina Reyes Gonzalez,
University of California, San Diego, and to Max Adolphs, Univer-
sity of Florida, for their contributions to Mastering reading quiz-
zes and chapter tests; as well as to Janet Casagrand, University of
Colorado Boulder, and Simone Brito, Fresno City College, for their
collective work on the improved Dynamic Study Modules. Addi-
tional thanks to Pat Clark, Indiana University, Bloomington, for



creating the prebuilt Interactive Reading Assignments for the
ninth edition. Finally, thank you to Dr. Ryan Downey, American
University of the Caribbean School of Medicine; Georgetown University
and Genevieve Wager, Cornell University for their contributions to
the Instructor Guide.

The Development
and Production Team

Writing a manuscript is only a first step in the long and complicated
process that results in a published book with all its ancillaries. The
team that works with me on book development deserves a lot of
credit for the finished product. Carie Keller at Straive designed the
ninth edition’s striking cover that continues our tradition of images
that show science as art.

The team at Pearson Education worked tirelessly to see this
edition move from manuscript to eText and bound book. My
Editor and Commercial Product Manager, Alexa Frank, has been
supportive, encouraging, and fun to work with as we scrambled to
catch up on eight years of scientific advances and add the new
emphasis on core concepts while staying on schedule. I also want
to recognize Serina Beauparlant, Senior Manager of Product Man-
agement, who has been the one constant in the ebb and flow of
publishing over many years. Serina’s approach to the care and
feeding of authors, especially during assorted crises, has kept writ-
ing and publishing fun.

Behind the scenes, thanks go to Ayushi Khandelwal, Editorial
Assistant, who kept track of reviewers and feedback for this revi-
sion. Thank you also to our Product Marketer, Courtney Davis,
who used her talents to shine a spotlight on this important revision
and to Caroline Ayres, Senior Digital Program Director, for her
support in the new revision workflow.

Special recognition goes to my team of Content Producers.
The revision workflow for this edition completely changed to put
creation of the eText before the print text, and it was a major adjust-
ment for the authors and illustrators. The team of Francesca
Monaco, Sharon Cahill, and Win Clark guided us through the new
process with cheerfulness and infinite patience. Thanks also go to
Katie Foley, Managing Producer, and Titas Basu, Assistant Manag-
ing Producer. The old production sequence of reviewing page
proofs is gone, and I am grateful for the help of Kerri Tomasso,
Project Management, in figuring out where we were in the review
process. Thanks to Molly Montanaro, Rebecca Marshall, and Cath-
ryn Gear from Lachina Creative who prepared the art for produc-
tion. I would also like to thank Ben Ferrini, Matthew Perry and
Chenley Calites for their many roles contributing to the Rights and
Permissions as well as Kani Kapoor, Krishnamurthy Muralid-
haran, and Rajesh Kumar for sharing their skills and talents to
make this edition possible.
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As always, I would like to thank my students and colleagues who
looked for errors and areas that needed improvement. I've learned
that awarding one point of extra credit for being the first student
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understanding, and support during the chaos that seems inevita-
ble with book revisions. The biggest thank you goes to my hus-
band Andrew, whose love, support, and willingness to forgo
home-cooked meals on occasion have helped me meet my dead-
lines for nine editions.

A Work in Progress

One of the most rewarding aspects of writing a textbook is the
opportunity it has given me to meet or communicate with other
instructors and students. In the many years since the first edition
was published, I have heard from people around the world and
have had the pleasure of hearing how the book has been incorpo-
rated into their teaching and learning.

Because science textbooks are revised periodically, they are
always works in progress. I invite you to contact me or my pub-
lisher with any suggestions, corrections, or comments about this
edition. I am most reachable through e-mail at silverthorn@
utexas.edu.

Dee U. Silverthorn silverthorn@utexas.edu University of Texas
Austin, Texas.
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Module 1.3

¢ Bioflix: Homeostasis: Regulating Blood Sugar
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Chapter 3 Compartmentation: Cells
and Tissues
Module 3.3

e Bioflix: Tour of an animal cell

Chapter 4 Energy and Cellular
Metabolism
Module 4.4

* Bioflix: Electron Transport System

¢ Bioflix: Protein Synthesis

Chapter 5 Membrane Dynamics
Module 5.1

¢ Physiology in Action: Osmolarity and Tonicity
Module 5.7

¢ Physiology in Action: Membrane Potential
* A&P Flix: Resting Membrane Potential
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Fluids

Chapter 7 The Immune System
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* Microbiology Animation: Host Defenses
Module 7.3

e Microbiology Animation: Antigen Processing and Presenta-
tion: Overview

Module 7.7

® Microbiology Animation: Humoral Immunity: Clonal Selec-
tion and Expansion

Module 7.8

e Bioflix: Summary of the Adaptive Immune Response

Chapter 9 Neurons: Cellular and
Network Properties
Module 9.2
¢ BioFlix: How Synapses Work
Module 9.3

¢ Interactive Physiology Animation: Generation of an Action
Potential

e BioFlix: Action Potential Conduction
Chapter 9 Links to Resources

e Interactive Physiology 2.0 Animation: Propagation of an
Action Potential

Chapter 10 The Central Nervous
System
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¢ Biointeractives: Circadian Rhythms and the SCN

Chapter 13 Muscles
Module 13.1
e A&P Flix: The Cross Bridge Cycle
¢ Interactive Physiology Animation: Neuromuscular Junction

¢ Interactive Physiology 2.0 Animation: Cross Bridge Cycle

Chapter 15 Cardiovascular
Physiology
Module 15.3

¢ Interactive Physiology Animation: Pathway of Blood through
the Heart

e Interactive Physiology Animation: Action Potentials in Auto-
rhythmic Cells

Module 15.4

e Physiology in Action: Electrocardiogram

¢ Interactive Physiology Animation: Intrinsic Conduction Sys-
tem of the Heart

e Interactive Physiology Animation: Cardiac Output
Chapter 15 Links to Resources

¢ Interactive Physiology 2.0 Animation: Electrical Activity of
the Heart

¢ Interactive Physiology 2.0 Animation: Cardiac Cycle
e Interactive Physiology 2.0 Animation: Cardiac Output

Chapter 16 Blood Flow and the
Control of Blood Pressure
Module 16.4

e Physiology in Action: Orthostatic Hypotension

¢ Interactive Physiology Animation: Arterial Baroreceptor
Reflex

Chapter 18 Mechanics of Breathing
Module 18.3

¢ Physiology in Action: The Spirometer

e Physiology in Action: Subatmospheric Pleural Cavity

e Physiology in Action: Effect of Ventilation on Expired CO,



Chapter 19 Gas Exchange and
Transport
Module 19

¢ BioFlix: Gas Exchange

¢ Physiology in Action: Hemoglobin/Oxygen Transport
Chapter 19 Links to Resources

¢ Interactive Physiology 2.0 Animation: Oxygen Transport and
Exchange

Chapter 20 The Kidneys
Module 20.4

¢ Interactive Physiology Animation: Glomerular Filtration
Module 20.6
¢ Interactive Physiology 2.0 Animation: Proximal Tubule Reab-
sorption and Secretion

Module 20.7

¢ Physiology in Action: Renal Clearance

Chapter 20 Links to Resources

¢ Interactive Physiology 2.0 Animation: Glomerular Filtration

¢ Interactive Physiology Animation: Anatomy Review: Urinary
System

¢ Interactive Physiology 2.0 Animation: Tubular Reabsorption
and Secretion
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Chapter 22 The Digestive System
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¢ Interactive Physiology Animation: Control of Digestion
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Secretion
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Exercise
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e Physiology in Action: Blood Pressure and Exercise
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UNIT 1
Basic Cell Processes: Integration
and Coordination

m Core Concepts in Physiology

Welcome to the study of human physiology! In the first six chapters of this book you will learn about the core
concepts of physiology — the general models or patterns that repeat over and over throughout the different body
systems. Being able to recognize these patterns each time you encounter them will simplify learning physiology
because you are seeing something familiar in a different context rather than learning a new concept. Pattern
recognition is an important skill to acquire in your studies because it is a critical element in developing expertise.
Studies have shown that when clinicians make a diagnosis, they are using rapid subconscious pattern recognition
to help decide what might be going on.

To simplify learning the eight core concepts in this book, we have created icons that will appear at the start of
each chapter to show the important core concepts discussed in that chapter. The icons and their descriptions
appear next to the unit chapter titles where they are first discussed. Chapter 6 is the first chapter in Unit 2.

Chapter Core Concepts lcon
Homeostasis. |7/ \J
Chapter 1: Introduction to Physiology
Mass Balance
Structure-Function
Relationships

Communication

Chapter 2: Molecular Interactions Inra:::i‘t:iﬂ:;
Eapters: E:m’:;m;:::om Compartmentation
Chapter 4: :Aneet?lro?i:: Cellular Energy
Chapter 5: Membrane Dynamics Gradients
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Introduction to Physiology

The current tendency of physiological thought is clearly toward an increasing emphasis upon the unity of operation of the
Human Body.

Ernest G. Martin, preface to The Human Body 10th edition, 1917

Welcome to the study of human physiology! In this chapter you will be introduced to the core concepts of physiology—the general models
or patterns that repeat over and over throughout the body systems of living organisms. Here are the core concepts featured in Chapter 1.

______ . A healthy body stays in homeostasis. . The structure and function of
Homeostasis . R Structure-Function
/ Loss of homeostasis can result in \ body parts are closely related,
illness. from the tiniest subcellular fibers
to the most complex organs.

|y!i The organ systems of the body must

Communication  .ommunicate with each other. : Compartments at all levels of
/('.- Compartmentation .. .
il @ organization separate functions.
T 1 Body stability requires that what
Mass Balance : :
comes in and what goes out remain
balanced.



Learning Outcomes

1.1 Physiology Is an Integrative Science
LO 1.1.1  Define physiology.
LO 1.1.2 List the levels of organization from atoms to the
biosphere.
LO 1.1.3 Name the 10 physiological organ systems of the body
and give their functions.
1.2 Function and Mechanism
LO 1.2.1 Distinguish between mechanistic explanations and
teleological explanations.
1.3 Core Concepts in Physiology
LO 1.3.1 List and give examples of eight core concepts in
physiology.
1.4 Homeostasis

LO 1.4.1  Define homeostasis. What happens when homeostasis
fails?

LO 1.4.2 Name and describe the two major compartments of
the human body.

LO 1.4.3 Explain the law of mass balance and how it applies to
the body’s load of a substance.

LO 1.4.4 Define mass flow using mathematical units and
explain how it relates to mass balance.

LO 1.4.5 Define clearance and give an example.

LO 1.4.6 Distinguish between equilibrium and steady state.

elcome to the fascinating study of the human body! For

most of recorded history, humans have been interested
in how their bodies work. Early Egyptian, Indian, and Chinese
writings describe attempts by physicians to treat various
diseases and to restore health. Although some ancient
remedies, such as camel dung and powdered sheep horn,
may seem bizarre, we are still using others, such as blood-
sucking leeches and chemicals derived from medicinal plants.
The way we use these treatments has changed through the
centuries as we have learned more about the human body.

There has never been a more exciting time in human
physiology. Physiology is the study of the typical functioning
of a living organism and its component parts, including all its
chemical and physical processes. The term physiology literally
means “knowledge of nature.” Aristotle (384-322 BCE) used
the word in this broad sense to describe the functioning of all
living organisms, not just of the human body. However,
Hippocrates (ca. 460-377 BCE), considered the father of
medicine, used the word physiology to mean “the healing
power of nature,” and thereafter the field became closely
associated with medicine. By the sixteenth century in Europe,
physiology had been formalized as the study of the vital
functions of the human body. Currently the term is again used
to refer to the study of all living organisms.

Today, we benefit from centuries of work by physiologists
who constructed a foundation of knowledge about how the
human body functions. Since the 1970s, rapid advances in the
fields of cellular and molecular biology have supplemented this
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1.5 Control Systems and Homeostasis

LO 1.5.1 List the three components of a control system and
give an example.

LO 1.5.2 Explain the relationship between a regulated variable
and its setpoint.

LO 1.5.3 Compare local control, long-distance control, and
reflex control.

LO 1.5.4 Explain the relationship between a response loop and
a feedback loop.

LO 1.5.5 Compare negative feedback, positive feedback, and
feedforward control. Give an example of each.

LO 1.5.6 Explain what happens to setpoints in biological
rhythms and give some examples.

1.6 The Science of Physiology

LO 1.6.1 Explain and give examples of the following
components of scientific research: independent and
dependent variables, experimental control, data,
replication, variability.

LO 1.6.2 Compare and contrast the following types of
experimental study designs: blind study, double-blind
study, crossover study, prospective and retrospective
studies, cross-sectional study, longitudinal study,
meta-analysis.

LO 1.6.3 Define placebo and nocebo effects and explain how they
may influence the outcome of experimental studies.

work. A few decades ago, we thought that we would find the key
to the secret of life by sequencing the human genome, which is
the collective term for all the genetic information contained in the
DNA of a species. However, this deconstructionist view of
biology has proved to have its limitations, because living
organisms are much more than the simple sum of their parts.

1.1 Physiology Is an
Integrative Science

Many complex systems—including those of the human body—
possess emergent properties, which are properties that cannot be
predicted to exist based only on knowledge of the system’s indi-
vidual components. An emergent property is not a property of
any single component of the system, and it is greater than the sim-
ple sum of the system’s individual parts. Emergent properties
result from complex, nonlinear interactions of the different
components.

For example, suppose someone broke down a car into its nuts
and bolts and pieces and laid them out on a floor. Could you pre-
dict that, properly assembled, these bits of metal and plastic
would become a vehicle capable of converting the energy in gaso-
line into movement? Who could predict that the right combina-
tion of elements into molecules and assemblages of molecules
would result in a living organism? Among the most complex
emergent properties in humans are emotion, intelligence, and
other aspects of brain function. None of these properties can be
predicted from knowing the individual properties of nerve cells.
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When the Human Genome Project began in 1990, scientists
thought that by identifying and sequencing all the genes in human
DNA, they would understand how the body worked. However,
as research advanced, scientists had to revise their original idea
that a given segment of DNA contained one gene that coded for
one protein. It became clear that one DNA sequence could code
for many proteins. The Human Genome Project ended in 2003, but
before then researchers had moved beyond genomics to proteomics,
the study of proteins in living organisms.

Now scientists have realized that knowing that a protein is
made by a particular cell does not always tell us the significance
of that protein to the cell, the tissue, or the functioning organism.
The exciting new areas in biological research are using a mul-
tiomics approach that applies data from many fields of study to
explain the integrated function of the human body.

Emerging Concepts
The Changing World of Omes

Contemporary research is now in an era of “omes” and “omics.” What
is an “ome”? The term apparently derives from the Latin word for a
mass or tumor and refers to a collection of items that make up a
whole, such as a genome. One of the earliest uses of the “ome” suffix
in biology is the term biome, meaning all organisms living in a major
ecological region, such as the marine biome. A genome is all the
genetic material of an organism. Its physiome describes the organ-
ism’s coordinated molecular, cellular, and physiological functioning.
The related adjective “omics” describes the research related to study-
ing an “ome.”

New “omes” emerge every year. The human connectome project
sponsored by the U.S. National Institutes of Health is a collaborative
effort to map all the neural connections of the human brain. The
human microbiome project is studying the influence of microbes that
normally live on or in the human body. Long ignored for many years,
these microbes have now been shown to have an influence on both
health and disease.

1.2 Function and
Mechanism

We define physiology as the typical functioning of the body, but
physiologists are careful to distinguish between function and mech-
anism. The function of a physiological system or event is the
“why” of the system or event: Why does a certain response help
an animal survive in a particular situation? In other words, what
is the adaptive significance of this event for this animal?

For example, humans are large, mobile, terrestrial animals,
and our bodies maintain relatively constant water content despite
living in a dry, highly variable external environment. Dehydration
is a constant threat to our well-being. What processes have evolved
in our anatomy and physiology that allow us to survive in this
hostile environment? One is the production of highly concentrated

urine by the kidney, which allows the body to conserve water. This
statement tells us why we produce concentrated urine but does not
tell us how the kidney accomplishes that task.

Thinking about a physiological event in terms of its adaptive
significance is the teleological approach to science. For example,
the teleological answer to the question of why red blood cells
transport oxygen is “because cells need oxygen and red blood
cells bring it to them.” This answer explains why red blood cells
transport oxygen—their function—but says nothing about how
the cells transport oxygen.

In contrast, most physiologists study physiological processes,
or mechanisms—the “how” of a system. The mechanistic
approach to physiology examines process. The mechanistic
answer to the question “How do red blood cells transport
oxygen?” is “Oxygen binds to hemoglobin molecules in the red
blood cells.” This very concrete answer explains exactly how
oxygen transport occurs but says nothing about the significance of
oxygen transport to the animal.

Students often confuse these two approaches to thinking
about physiology. Studies have shown that even medical students
tend to answer questions with teleological explanations when the
more appropriate response would be a mechanistic explanation.!
Often they do so because instructors ask why a physiological
event occurs when they really want to know how it occurs. Stay-
ing aware of the two approaches will help prevent confusion.

Although function and mechanism seem to be two sides of
the same coin, it is possible to study mechanisms, particularly at
the cellular and subcellular level, without understanding their
function in the life of the organism. As biological knowledge
becomes more complex, scientists sometimes become so involved
in studying complex processes that they fail to step back and look
at the adaptive significance of those processes to cells, organ sys-
tems, or the animal. Conversely, it is possible to use teleological
thinking incorrectly by saying, “Oh, in this situation the body
needs to do this.” This may be a good solution, but if a mechanism
for doing this doesn’t exist, the situation cannot be corrected.

Applying the concept of integrated functions and mecha-
nisms is the underlying principle in translational research, an
approach sometimes described as “bench to bedside.” Transla-
tional research uses the insights and results gained from basic bio-
medical research on mechanisms to develop treatments and
strategies for preventing human diseases. For example, research-
ers working on rats found that a chemical from the pancreas
named amylin reduced the rats” food intake. These findings led
directly to a translational research study in which human volun-
teers injected a synthetic form of amylin and recorded their subse-
quent food intake, but without intentionally modifying their
lifestyle.” The drug suppressed food intake in humans, and was
later approved by the Food and Drug Administration for treat-
ment of diabetes mellitus.

At the systems level, we know about most of the mechanics
of body function from centuries of research. The unanswered
questions today mostly involve integration and control of these
mechanisms, particularly at the cellular and molecular levels.
Nevertheless, explaining what happens in test tubes or isolated
cells can only partially answer questions about function. For this
reason, animal and human trials are essential steps in the process
of applying basic research to treating or curing diseases.



Running Problem 1.1: What to Believe?

Hiro had just left his first physiology class when he saw a
friend’s social media link to a video claiming that everyone
should take probiotics for gut health. He watched some of the
video but he wasn’t sure exactly what probiotics were and
whether the information in the video was accurate. “I wonder if
there is any scientific evidence supporting this claim,” Hiro
thought. “Let’s see what | can find out.”

] 1.3 Core Concepts in
Physiology

“Physiology is not a science or a profession but a point of view.”
Physiologists pride themselves on relating the mechanisms they
study to the functioning of the organism as a whole. For
students, being able to think about how multiple body systems
integrate their function is one of the more difficult aspects of
learning physiology. To develop expertise in physiology, you
must do more than simply memorize facts and learn new
terminology. Researchers have found that the ability to solve
problems requires a conceptual framework, or “big picture,” of
the field.

This book will help you build a conceptual framework for
physiology by explicitly emphasizing the basic biological themes,
or core concepts that are common to all living organisms. These
concepts form patterns that repeat over and over, and you will
begin to recognize them when you encounter them in specific con-
texts. Pattern recognition is an important skill in healthcare pro-
fessions, and it will also simplify learning physiology.

In the recent years, multiple organizations issued reports to
encourage the teaching of biology using these fundamental con-
cepts.* Although the descriptions vary from report to report, five
major ideas emerge:

3

1. structure and function across all levels of organization
2. energy transfer, storage, and use

3. information flow, storage, and use within single organisms
and within a species of organism

Introduction to Physiology 9

4. homeostasis and the control systems that maintain it

5. evolution

In addition, these reports emphasize the importance of
understanding how science is done and of the quantitative nature
of biology.

FIGURE 1.1 lists the eight core concepts we will focus on in
this book. The major core concepts most related to physiology are
structure-function relationships (anatomy and levels of organiza-
tion, molecular interactions, compartmentation), biological energy
use, gradients and flow, communication, and homeostasis, which
includes mass balance. The first six chapters introduce the funda-
mentals of these core concepts, which you may already be familiar
with from earlier biology or chemistry classes. The core concepts,
with variations, then re-appear over and over in subsequent chap-
ters of this book. Look for their icons throughout the chapters and
in the summary material at the end of each chapter.

Core Concept 1: Structure and
Function Are Closely Related

This overarching core concept subdivides into three major ideas:
anatomy and levels of organization, molecular interactions, and
compartmentation.

Anatomy and Levels of Organization

Anatomy is the study of body structures, and in all living organ-
isms, structure and function are closely linked. The integration of
function across many levels of organization, from the molecular
level to the intact body, is a special focus of physiology. (To inte-
grate means to bring varied elements together to create a unified
whole.)

FIGURE 1.2 illustrates levels of organization ranging from
the molecular level all the way up to populations of different
species living together in ecosystems and in the biosphere. The levels
of organization are shown along with the various subdisciplines
of chemistry and biology related to the study of each
organizational level. There is considerable overlap between the
different fields of study, and these artificial divisions vary
according to who is defining them. Notice, however, that
physiology includes multiple levels, from molecular and cellular
biology to the ecological physiology of populations.

Fig. 1.1 Core concepts and their icons

Core Concepts in Physiology

Molecular
interactions

Core Structure-
Concept function

Compartmentation

Gradients Communication | Homeostasis Mass balance

lcon
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Fig. 1.2 Levels of organization

(o Levels of organization and the related fields of study

MOLECULAR ™\ BIOLOGY
CHEMISTRY

PHYSIOLOGY

ECOLOGY

> Tissues Organs —>

/ Atoms —>| Molecules

systems

Populations of
one species

Ecosystem of

—>| Organisms —» different species

—» Biosphere

At the most basic level of organization shown in Figure 1.2,
atoms of elements link together to form molecules. Collections of
molecules in living organisms form cells, the smallest unit of
structure capable of carrying out all life processes. A lipid and
protein barrier called the cell membrane (also called the plasma
membrane) separates cells from their external environment. Simple
organisms are composed of only one cell, but complex organisms
have many cells with different structural and functional
specializations.

Collections of cells that carry out related functions are called
tissues {texere, to weave}. Tissues form structural and functional
units known as organs {organon, tool}, and groups of organs inte-
grate their functions to create organ systems. Chapter 3 reviews
the anatomy of cells, tissues, and organs.

The structure of a cell, tissue, or organ must provide an effi-
cient physical base for its function. For this reason, it is nearly
impossible to study the physiology of the body without under-
standing the underlying anatomy. Because of the interrelationship
of anatomy and physiology, you will find Anatomy Summaries
throughout the book. These special review features illustrate the
basic anatomy of the physiological systems at different levels of
organization.

Running Problem 1.2

When Hiro got back to his room, he sat down at his computer
and googled probiotics. Almost instantly, he got back more than
244 million results. The first results were sponsored links from
seed.com, amazon.com, and ritual.com. These were followed by
pages from mayoclinic.org, www.nccih.nih.gov, webmd.com,
healthline.com, health.harvard.edu, en.wikipedia.org, and www.
ods.od.nih.gov. Hiro thought to himself, “Wow, there is a lot of
information out there. What should | look at first?”

Q1: Rank these 10 results from most to least likely to have good
information and explain how you chose your rankings.

The 10 physiological organ systems in the human body are
illustrated in FIGURE 1.3. Several of the systems have alternate
names, given in parentheses, that are based on the organs of the
system rather than the function of the system. The integumentary
system {intequmentum, covering}, composed of the skin, forms a
protective boundary that separates the body’s internal environ-
ment from the external environment (the outside world). The
musculoskeletal system provides support and body movement.

Four systems move material into and out of the body. The
respiratory system (pulmonary) exchanges gases; the digestive
system (gastrointestinal) takes up nutrients and water and elimi-
nates wastes; the urinary system (renal) removes excess water
and waste material; and the reproductive system produces eggs
or sperm.

The remaining four systems extend throughout the body. The
circulatory system (cardiovascular) distributes materials by
pumping blood through vessels. The nervous system and endo-
crine system coordinate body functions. Note that the figure
shows them as a continuum rather than as two distinct systems.
Why? Because the lines between these two systems have blurred
as we have learned more about the integrative nature of physio-
logical function.

The one system not illustrated in Figure 1.3 is the diffuse
immune system, which includes but is not limited to the anatomi-
cal structures known as the lymphatic system. The specialized
cells of the immune system are scattered throughout the body.
They protect the internal environment from foreign substances by
intercepting material that enters through the intestines and lungs
or through a break in the skin. In addition, immune tissues are
closely associated with the circulatory system. Cells of the immune
system secrete chemical messengers that communicate and coor-
dinate with the nervous and endocrine systems.

Traditionally, physiology courses and books are organized by
organ system. Students study cardiovascular physiology and reg-
ulation of blood pressure in one chapter, and then study the kid-
neys and control of body fluid volume in a different chapter. In
the functioning human, however, the cardiovascular and renal
systems communicate with each other, so that a change in one is
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Fig. 1.3 Organ systems of the human body and their integration

ESSENTIALS Organ Systems of the Human Body

o

‘ System Name Includes Representative Functions ’ The Integration between Systems of the Body ‘
Circulatory Heart, blood Transport of materials between all Integumentlary System
vessels, blood cells of the body / L
e
Digestive Stomach, Conversion of food into particles
intestine, liver, that can be transported into the
pancreas body; elimination of some wastes -
Endocrine Thyroid gland, Coordination of body function
adrenal gland through synthesis and release of
regulatory molecules
Immune Thymus, spleen, Defense against foreign
lymph nodes invaders
Integumentary Skin Protection from external Circulatory —
environment
Musculoskeletal Skeletal mus- Support and movement
cles, bone
Nervous Brain, spinal Coordination of body function
cord through electrical signals and &
release of regulatory molecules M"nglsc::ﬁ.?letal
Reproductive QOvaries and Perpetuation of the species
uterus, testes
Reproductive
Respiratory Lungs, airways Exchange of oxygen and carbon ] system
dioxide between the internal and @ l ]l! J/
external environments l
5 : 3 This schematic figure indicates relationships between
Urinary Kidneys, bladder | Maintenance of water and systems of the human body. The interiors of some
solutes in the internal hollow organs (shown in white) are part of the
environment; waste removal external environment.

likely to cause a reaction in the other. For example, body fluid vol-
ume influences blood pressure, while changes in blood pressure
alter kidney function because the kidneys regulate fluid volume.
In this book, each of the four units ends with an integrative physi-
ology chapter that highlights the coordination of function across
multiple organ systems.

Understanding how different organ systems work together is
just as important as memorizing facts, but the complexity of inter-
actions can be challenging. One way physiologists simplify and
integrate information is by using visual representations of physi-
ological processes called maps. The Focus on Mapping feature in
this chapter will help you learn how to make maps. The first type
of map, shown in FIGURE 1.4, is a schematic representation of
structure or function. The second type of map diagrams a physio-
logical process as it proceeds through time. These process maps
are also called flow charts, and they are frequently used in health
care. You will be able to practice creating maps with special end-
of-chapter questions throughout the book. You will also find maps
in the visual summary at the end of each chapter.

Molecular Interactions

The ability of individual molecules to bind to or react with other
molecules is essential for biological function. A molecule’s
function depends on its structure and shape, and even a small
change to the structure or shape may have significant effects on
the function. The classic example of this phenomenon is the
change in one amino acid of the hemoglobin protein. (Hemoglobin
is the oxygen-carrying pigment of the blood.) This one small
change in the protein converts normal hemoglobin to the form
associated with sickle cell disease.

Many physiologically significant molecular interactions that
you will learn about in this book involve the class of biological
molecules called proteins. Functional groups of proteins include
enzymes that speed up chemical reactions, signal molecules and the
receptor proteins that bind signal molecules, and specialized pro-
teins that function as biological pumps, filters, motors, or trans-
porters. Chapter 2 describes molecular interactions involving
proteins in more detail.
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Fig. 1.4 Focus on . .. Mapping

Focuson... Mapping

Why use maps to study physiology? The answer is Mapping is not just a study technique. Scientists map out
simple: maps will help you organize information you are learning the steps in their experiments. Healthcare professionals
in a way that makes sense to you and they will make that informa-  create maps to guide them while diagnosing and treating
tion easier to recall on a test. Creating a map requires higher-level patients. You can use mapping for almost every subject

thinking about the relationships among items on the map. you study.

What is a map? Mapping is a nonlinear way of organizing material. A
map can take a variety of forms but usually consists of terms (words or short

phrases) linked by arrows to indicate associations. You can label the
connecting arrows to describe the type of linkage between the terms results in Better grades
(structure/function, cause/effect) or with explanatory phrases.

Here are two typical maps used in physiology.

Structure/function maps focus on the relationships
between anatomical structures and their functions.

SANDWICHES

4 Y

Outside components Fillings

! ! | ' | | }

Breads Tortillas Wraps Vegetables | Cheeses Meats

Practice making maps. Many maps appear in this textbook, and they can
serve as the starting point for your own maps. However, the real benefit of
mapping comes from preparing maps yourself rather than memorizing someone
else’s maps. Your instructor can help you get started.

HINTS

* To help you get started, the end-of-chapter questions in this book include at
least one list of terms to map for each chapter.

¢ Write your terms on individual slips of paper or small sticky notes so that you
can rearrange the map more easily.

e Some terms may seem to belong to more than one group. Do not duplicate
the item but make a note of it, as this term will probably have several arrows
pointing to it or leading away from it.

e |f arrows crisscross, try rearranging the terms on the map.

* Use color to indicate similar items.

* Add pictures and graphs that are associated with specific terms in your map.

Dressings |
and sauces |

Process maps or flow charts
follow normal homeostatic control
pathways or the body’s responses
to abnormal (pathophysiological)
events as they unfold over time.

4 Person working '
\ outside on a hot,

dry day

Loses body water
by evaporation

!

[ Body fluids become i

more concentrated

Internal receptors
sense change in
internal concentration

v

[ Thirst pathways h

stimulated

v

-
[ Person seeks out

and drinks water

/

Water added
to body fluids
decreases their
concentration

Electronic mapping. Some people do not like the messiness of hand-drawn maps. There are
several electronic ways of making maps, including PowerPoint or free and commercial software
programs. Free concept mapping software is available from IHMC CmapTools at https://cmap.ihmc.us.
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STEP 1: Write out the terms to map.
If you need help generating ideas for topics to
map, the end-of-chapter mapping questions in
each chapter have lists of terms to help you get
started.

|

Golgi

T
retic
| M&ochondﬁa} |Cy'loplasm|

STEP 2: Organize the terms.

Cytoplasm

i |

Cell mem

T

These are the 3 main

parts of a cell.

brane

4— Put your key term on the top.

Then put your terms in groups that are similar. _'

Mitochondria
e
t 4

I
These are all found inside the cell. Parts in
the left column do not have membranes.
Parts in the right column have membranes.

STEP 3: Link the terms. The Call
consists of
1
v
Cell membrane Cytoplasm
contains contains
|
v v
P Protein fibers | Membranous organelles | | Inclusions | I Nucleolus |
You may think of
additional terms to 1 v
add as you work. -
4 \"[ Cytoskeletc:n\ | Golgi | | Endoplasmic reticulum I [ Mltbchondrial [ Ribosomes |
A
Smooth ER RoughER |« s be o in
| | | g | b Labeling arrows
Makes proteins such as ‘ can help explain
linkages.

Once you have created your map, sit back and think
about it. Are all the items in the right place? You may
want to move them around once you see the big
picture. Add new concepts or correct wrong links.
Review by recalling the main concept and then moving
to the more specific details. Ask yourself questions like,
What is the cause and what is the effect? What parts
are involved? What are the main characteristics?

Science is a collaborative field. A useful way to study with a
map is to trade maps with a classmate and try to under-
stand each other’s maps. Your maps will aimost certainly
not look the same! It's OK if they are different. Remember
that your map reflects the way you think about the subject,
which may be different from the way someone else thinks
about it. Did one of you put in something the other forgot?
Did one of you have an incorrect link between two items?
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Interactions between proteins, water, and other molecules
influence cell structure and the mechanical properties of cells and
tissues. Mechanical properties you will encounter in your study of
physiology include compliance (ability to stretch), elastance (stiff-
ness or the ability to return to the unstretched state), strength,
flexibility, and fluidity (viscosity).

Compartmentation

Compartmentation is the division of space into separate compart-
ments, with or without obvious dividing walls. Compartments
allow a cell, a tissue, or an organ to specialize and isolate func-
tions. Each level of organization is associated with different types
of compartments. At the macroscopic level, the tissues and organs
of the body form discrete functional compartments, such as body
cavities or the insides of hollow organs. At the microscopic level,
cell membranes separate cells from the fluid surrounding them
and also create tiny compartments within the cell called organ-
elles. Compartmentation is the theme of Chapter 3.

Running Problem 1.3

Hiro looked at the results on the first page. He had heard of the
NIH, and knew it was the U.S. National Institutes of Health, run
by the federal government, so he clicked on www.nccih.nih.
gov. This link went to a page for the NIH-Sponsored National
Center for Complementary and Integrative Health (NCCIH). Hiro
decided to learn more about NCCIH by using the ABOUT link.
He used the SEARCH box to see what NCCIH said about
probiotics.

Q2: Go to www.nccih.nih.gov. What is the mission of NCCIH?

Q3: What does NCCIH say about whether probiotics are helpful
and whether they are safe?

Core Concept 2: Living Organisms
Need Energy

Growth, reproduction, movement, homeostasis—these and all
other processes that take place in an organism require the continu-
ous input of energy. Where does this energy come from, and how
is it stored? We will answer those questions and describe some of
the ways that energy in the body is used for building and break-
ing down molecules in Chapter 4. In subsequent chapters, you
will learn how energy is used to transport molecules across cell
membranes and to create movement.

Core Concept 3: Gradients
and Flow
A gradient {gradiens, to walk} is a gradual change in the value or

magnitude of a function over distance or over time. In physiology,
most of the gradients you will encounter represent a change in

magnitude from one location to another, such as from the begin-
ning to the end of a tube or between the inside and outside of a
cell. The gradients icon (Fig. 1.1) shows two gradients moving
from left to right: a decrease in size and a decrease in color inten-
sity. Three types of gradients are particularly important in physi-
ology: concentration (chemical) gradients, pressure gradients, and
electrical gradients. You may also encounter other gradients, such
as temperature gradients. Gradients are a form of stored (potential)
energy, and substances will move or flow down a gradient unless
there is a barrier blocking their movement.

Core Concept 4: Communication
Coordinates Body Functions

Communication is the transmission of information within or
between organisms. Information flow in living systems ranges
from the transfer of information stored in DNA from generation to
generation (genetics) to the flow of information within the body of
a single organism. At the organismal level, information flow
includes translation of DNA'’s genetic code into proteins responsi-
ble for cell structure and function as well as the communication
signals between cells that coordinate function.

Cell-to-cell communication uses chemical signals, electrical
signals, or a combination of both. Information may go from one
cell to its neighbors (local communication) or from one part of the
body to another (long-distance communication). Chapter 5 looks
at the electrical gradients responsible for electrical signaling,
while Chapter 6 discusses chemical communication in the body.

When chemical signals reach their target cells, they must get
their information into the cell. Some molecules are able to pass
through the barrier of the cell membrane, but signal molecules
that cannot enter the cell must transfer their message across the
cell membrane. How molecules cross biological membranes is the
topic of Chapter 5, Chapter 6 looks at how chemical signals pass
their information across the cell membrane.

Core Concept 5: Homeostasis
Maintains Internal Stability

Organisms that survive in challenging habitats cope with external
variability by keeping their internal environment relatively stable,
an ability known as homeostasis {homeo-, similar + -stasis,
condition}. Homeostasis and regulation of the internal environ-
ment are key principles of physiology and form an underlying
core concept in each chapter of this book. The next section looks in
detail at the key elements of this important core concept.

1.4 Homeostasis

The concept of a relatively stable internal environment is attrib-
uted to the French physician Claude Bernard in the mid-1800s.
During his studies of experimental medicine, Bernard noted the
stability of various physiological functions, such as body tempera-
ture, heart rate, and blood pressure. As the chair of physiology at
the University of Paris, he wrote “La fixité du milieu intérieur est
la condition de la vie libre, indépendante.” (The constancy of the
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internal environment is the condition for a free and independent
life.)° This idea was applied to many of the experimental observa-
tions of his day, and it became the subject of discussion among
physiologists and physicians.

In 1929, an American physiologist named Walter B. Cannon
wrote a review for the American Physiological Society.® Using
observations made by numerous physiologists and physicians
during the nineteenth and early twentieth centuries, Cannon pro-
posed a list of variables that are under homeostatic control. We
now know that his list was both accurate and complete. Cannon
divided his variables into what he described as environmental
factors that affect cells (osmolarity, temperature, and pH) and
“materials for cell needs” (nutrients, water, sodium, calcium,
other inorganic ions, oxygen, as well as “internal secretions hav-
ing general and continuous effects”). Cannon’s “internal secre-
tions” are the hormones and other chemicals that our cells use to
communicate with one another.

In his essay, Cannon created the word homeostasis to describe
the regulation of the body’s internal environment. He explained
that he selected the prefix homeo- (meaning like or similar) rather
than the prefix homo- (meaning same) because the internal environ-
ment is maintained within a range of values rather than at an
exact fixed value. He also pointed out that the suffix -stasis in this
instance means a condition, not a state that is static and unchang-
ing. Cannon’s homeostasis, therefore, is a state of maintaining “a
similar condition,” similar to Claude Bernard’s relatively constant
internal environment.

Some physiologists contend that a literal interpretation of
stasis {a state of standing} in the word homeostasis implies a static,
unchanging state. They argue that we should use the word
homeodynamics instead, to reflect the small changes constantly
taking place in our internal environment {dynamikos, force or
power}. Whether the process is called homeostasis or
homeodynamics, the important concept to remember is that the
body monitors its internal state and takes action to correct
disruptions that threaten its normal function. Physiologists today
generally recognize 10 variables (TABLE 1.1) that the body
monitors and regulates to maintain homeostasis.

If the body fails to maintain homeostasis of the critical vari-
ables listed by Walter Cannon, then healthy function is disrupted
and a disease state, or pathological condition {pathos, suffering},
may result. Diseases fall into two general groups according to
their origin: those in which the problem arises from internal fail-
ure of some normal physiological process, and those that originate
from some outside source. Internal causes of disease include the
abnormal growth of cells, which may cause cancer or benign
tumors; the production of antibodies by the body against its own
tissues (autoimmune diseases); and the premature death of cells
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or the failure of cell processes. Inherited disorders are also consid-
ered to have internal causes. External causes of disease include
toxic chemicals, physical trauma, and foreign invaders such as
viruses and bacteria.

In both internally and externally caused diseases, when
homeostasis is disturbed, the body attempts to compensate
(FIG. 1.5). If the compensation is successful, homeostasis is
restored. If compensation fails, illness or disease may result.
The study of body functions in a disease state is known as
pathophysiology. You will encounter many examples of patho-
physiology as we study the various systems of the body.

One very common pathological condition in the United States
is diabetes mellitus, a metabolic disorder characterized by abnor-
mally high blood glucose concentrations. Although we speak of
diabetes as if it were a single disease, it is actually a whole family
of diseases with various causes and manifestations. You will learn
more about diabetes in the focus boxes scattered throughout the
chapters of this book. The influence of this one disorder on many
systems of the body makes it an excellent example of the integra-
tive nature of physiology.

What Is the Body’s Internal
Environment?

Claude Bernard wrote of the “constancy of the internal environ-
ment,” but why is constancy so essential? As it turns out, most
cells in our bodies are not very tolerant of changes in their sur-
roundings. In this way they are similar to early organisms that
lived in tropical seas, a stable environment where salinity, oxygen
content, and pH vary little and where light and temperature cycle
in predictable ways. The internal composition of these ancient
creatures was almost identical to that of seawater. If environmen-
tal conditions changed, conditions inside the primitive organisms
changed as well. Even today, marine invertebrates cannot tolerate
significant changes in salinity and pH, as you know if you have
ever maintained a saltwater aquarium.

In both ancient and modern times, many marine organisms
relied on the constancy of their external environment to keep their
internal environment in balance. In contrast, as organisms evolved
and migrated from the ancient seas into estuaries, then into freshwa-
ter environments and onto the land, they encountered highly vari-
able external environments. Rains dilute the salty water of estuaries,
and organisms that live there must cope with the influx of water into
their body fluids. Terrestrial organisms, including humans, face the
challenge of dehydration—constantly losing internal water to the
dry air around them. Keeping the internal environment stable
means balancing water loss with appropriate water intake.

Table 1.1 Regulated Physiological Variables

Blood gases Blood solutes

= Oxygen e Potassium K*

o Carbon dioxide e Calcium Ca?*
= Hydrogen H* (pH)
® Glucose

Arterial blood pressure
Blood volume

Blood osmolarity

Body temperature (core)
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Fig. 1.5 Homeostasis
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But what exactly is the internal environment of the body? For

multicellular animals, it is the watery internal environment that
surrounds the cells, a “sea within” the body called the extracellu-
lar fluid (ECF) {extra-, outside of} (FIG. 1.6). Extracellular fluid
serves as the transition between an organism’s external environ-
ment and the intracellular fluid (ICF) inside cells {intra-, within}.
Because extracellular fluid is a buffer zone between cells and the
outside world, elaborate physiological processes have evolved to
keep its composition relatively stable.

When the extracellular fluid composition varies outside its
acceptable range of values, compensatory mechanisms are activated
in an attempt to return the fluid to its usual state. For example, when
you drink a large volume of water, the dilution of your extracellular
fluid triggers a mechanism that causes your kidneys to remove
excess water and protect your cells from swelling. Most cells of mul-
ticellular animals do not tolerate much change. They depend on the
constancy of extracellular fluid to maintain their function.

Homeostasis Depends on Mass
Balance

In the 1960s, a group of conspiracy theorists obtained a lock of
Napoleon Bonaparte’s hair and sent it for chemical analysis in an
attempt to show that he died from arsenic poisoning. Today, a
group of students sharing a pizza joke about the garlic odor on
their breath. At first glance these two scenarios appear to have lit-
tle in common, but in fact Napoleon’s hair and “garlic breath”
both demonstrate how the human body works to maintain the
balance that we call homeostasis.

The human body is an open system that exchanges heat and
materials with the outside environment. To maintain homeostasis,
the body must maintain mass balance. We will consider mass bal-
ance to be another of our core concepts in physiology (Fig. 1.1).

The law of mass balance says that if the amount of a sub-
stance in the body is to remain constant, any gain must be offset
by an equal loss (FIG. 1.7a). The amount of a substance in the
body is also called the body’s load, as in “sodium load.”

For example, water loss to the external environment (output)
in sweat and urine must be balanced by water intake from the
external environment plus metabolic water production (input).
The concentrations of other substances, such as oxygen and car-
bon dioxide, salts, and hydrogen ions (pH), are also maintained
through mass balance. The following equation summarizes the
law of mass balance:

Total amount of substance x in the body

= intake 4+ production — excretion — metabolism

Most substances enter the body from the outside environment,
but some (such as carbon dioxide) are produced internally
through metabolism (Fig. 1.7b). In general, water and nutrients
enter the body as food and drink absorbed through the intestine.
Oxygen and other gases and volatile molecules enter through the
lungs. A few lipid-soluble chemicals make their way to the inter-
nal environment by penetrating the barrier of the skin.

To maintain mass balance, the body has two options for
output. The simplest option is simply to excrete the material.
Excretion is defined as the elimination of material from the body,
usually through the urine, feces, lungs, or skin. For example,
carbon dioxide (CO, ) produced during metabolism is excreted by
the lungs. Many foreign substances that enter the body, such as
drugs or artificial food additives, are excreted by the liver and
kidneys. (Any foreign substance in the body is called a xenobiotic,
from the Greek word xenos, a stranger.)

A second output option for maintaining mass balance is to
convert the substance to a different substance through metabolism.
Nutrients that enter the body become the starting point for
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Fig. 1.6 Internal and external environments
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metabolic pathways that convert the original nutrient to a
different molecule. However, converting the original nutrient to
something different then creates a new mass balance disturbance
by adding more of the new substance, or metabolite, to the body.
(Metabolite is the general term for any product created in a
metabolic pathway.)

Mass Flow

Scientists use mass flow to follow material throughout the body.
Mass flow describes the rate of transport of a substance x as it

(b) A box diagram represents the ECF, ICF, and external
environment as three separate compartments.

External
environment —> fluid (ECF) ———

<«—— Extracellular «<——— Intracellular
fluid (ICF)

FIGURE QUESTION

Put a * on the cell membrane
of the box diagram.

moves through body fluids or into and out of the body. The equa-
tion for mass flow is

Mass flow (amount x/min)

= concentration of x (amount x/vol) x volume flow (vol/min)

where volume flow describes the flow rate of a volume of blood,
air, urine, and the like.

For example, suppose a person is given an intravenous
(IV) infusion of glucose solution that has a concentration of
50 grams of glucose per liter of solution. If the infusion is given

Fig. 1.7 Mass balance
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at a rate of 2 milliliters per minute, the mass flow of glucose
into the body is:

50 g glucose
1000 mL solution

x 2 mL solution/min = 0.1 g glucose/min

The rate of glucose input into the body is 0.1 g glucose/min.

Mass flow applies not only to the entry, production, and
removal of substances but also to the movement of substances
from one compartment in the body to another. When materials
enter the body, they first become part of the extracellular fluid.
Where a substance goes after that depends on whether or not it
can cross the barrier of the cell membrane and enter the cells.

Running Problem 1.4

Hiro wondered if there was another option for finding more
information about probiotics, so he asked Jennifer, a friend who
had just started graduate school in Public Health, how she
would search. “l usually start with Google Scholar (scholar.
google.com) rather than just googling. Google Scholar only
shows you scholarly literature, so you won’t get all the websites
that are trying to sell you something. Or if you want to search
the way scientists and healthcare professionals do, then try
PubMed (www.pubmed.gov), the free database published by
the U.S. National Library of Medicine.” Hiro entered probiotics
into Google Scholar and then repeated the same search in
PubMed. “This is still way too much information,” Hiro thought.
“Surely there are ways to narrow this down.”

Q4: Repeat Hiro’s searches in Google Scholar and PubMed.
Compare the number of results from these searches to the
244 million results from the simple Google search.

Q5: One way to get fewer results is to limit the results to only
recent papers. Use the options in the left sidebar of the Google
Scholar and PubMed pages and limit the search to the last
5 years. Now how many results are there?

Excretion and Metabolism Clear
Substances from the Body

It is relatively easy to monitor how much of a substance enters the
body from the outside world, but it is more difficult to track mol-
ecules inside the body to monitor their excretion or metabolism.
Instead of directly measuring the substance, we can follow the
rate at which the substance disappears from the blood, a concept
called clearance. Clearance is usually expressed as a volume of
blood cleared of substance x per unit of time. For this reason, clear-
ance is only an indirect measure of how substance x is handled by
the body.

Clearance cannot tell you if the substance is disappearing by
excretion or metabolism or by both. For example, urea is a normal
metabolite produced from protein metabolism. A typical value for

urea clearance is 70 mL plasma cleared of urea per minute, writ-
ten as urea clearance = 70 mL plasma/min. Knowing the rate at
which urea disappears does not tell us anything about where urea
is going. (It is being excreted by the kidneys.)

The kidney and the liver are the two primary organs that
clear solutes from the body. Hepatocytes {hepaticus, pertaining to
the liver + cyte, cell}, or liver cells, metabolize many different
types of molecules, especially xenobiotics such as drugs. The
resulting metabolites may be secreted into the intestine for
excretion in the feces or released into the blood for removal by
the kidneys. Pharmaceutical companies testing chemicals for
their potential use as therapeutic drugs must know the clearance
of the chemical before they can develop the proper dosing
schedule.

Clearance also takes place in tissues other than the liver and
kidneys. Saliva, sweat, breast milk, and hair all contain substances
that have been cleared from the body. Salivary secretion of the
hormone cortisol provides a simple noninvasive source of hor-
mone for monitoring chronic stress.

An everyday example of clearance is “garlic breath,” which
occurs when volatile lipid-soluble garlic compounds in the blood
pass into the airways and are exhaled. The lungs also clear etha-
nol in the blood: exhaled alcohol is the basis of the “breathalyzer”
test used by law enforcement agencies. Drugs and alcohol secreted
into breast milk are potentially dangerous because a breastfeeding
infant will ingest these substances.

The 1960s analysis of Napoleon Bonaparte’s hair tested it for
arsenic because hair follicles help clear some compounds from the
body. The test results showed significant concentrations of the
poison in his hair, but the question remains whether Napoleon
was murdered, poisoned accidentally, or died from stomach
cancer.

Concept Check

1. If a person eats 12 milligrams (mg) of salt in a day and excretes
11 mg of it in the urine, what happened to the remaining 1 mg?

2. Glucose is metabolized to CO, and water. Explain the effect of
glucose metabolism on mass balance in the body.

Homeostasis Does Not Mean
Equilibrium

When physiologists talk about homeostasis, they are speaking of
the stability of the body’s internal environment—in other words,
the stability of the extracellular fluid compartment (ECF). One
reason for focusing on extracellular fluid homeostasis is that it is
relatively easy to monitor by taking a blood sample. When you
centrifuge blood, it separates into two parts: plasma, the fluid
component, plus the heavier blood cells. Plasma is part of the
extracellular fluid compartment, and its composition can be easily
analyzed. It is much more difficult to follow what is taking place
in the intracellular fluid compartment (ICF), although cells do
maintain cellular homeostasis.
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Fig. 1.8 Steady-state disequilibrium
Steady-state disequilibrium

The body compartments are in a dynamic steady state but are
not at equilibrium. lon concentrations are very different in the
extracellular fluid compartment (ECF) and the intracellular fluid
compartment (ICF).
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In a state of homeostasis, the composition of both body compart-
ments is relatively stable. This condition is a dynamic steady state.
The modifier dynamic indicates that materials are constantly moving
back and forth between the two compartments. In a steady state,
there is no net movement of materials between the compartments.

Steady state is not the same as equilibrium {aequus,
equal + libra, balance}, however. Equilibrium implies that the
composition of the body compartments is identical. If we examine
the composition of the ECF and ICF, we find that the concentra-
tions of many substances are different in the two compartments
(FIG. 1.8). For example, sodium (Na*) and chloride (Cl~) are far
more concentrated in the ECF than in the ICE, while potassium
(K+) is most concentrated in the ICE. Because of these concentra-
tion differences, the two fluid compartments are not at equilib-
rium. Instead the ECF and ICF exist in a state of relatively stable
disequilibrium {dis- is a negative prefix indicating the opposite of
the base noun}. For living organisms, the goal of homeostasis is to
maintain the dynamic steady states of the body’s compartments,
not to make the compartments the same.

1.5 Control Systems and
Homeostasis

In their simplest form, all control systems have three components
(FIG. 1.9): (1) an input signal; (2) a controller, or integrating center
{integrare, to restore}, that integrates incoming information and
initiates an appropriate response; and (3) an output signal that creates
a response. Long-distance reflex control systems are more complex
than this simple model, however, as they may include input from
multiple sources and have output that acts on multiple targets.

Fig. 1.9 A simple control system

A simple control system

Input
signal

Local Control Is Restricted
to a Tissue

The simplest form of control is local control, which is restricted to
the tissue or cell involved (FIG. 1.10). In local control, a relatively
isolated change occurs in a tissue. A nearby cell or group of cells
senses the change in their immediate vicinity and responds, usu-
ally by releasing a chemical. The response is restricted to the
region where the change took place—hence the term local control.
One example of local control can be observed when oxygen
concentration in a tissue decreases. Cells lining the small blood
vessels that bring blood to the area sense the lower oxygen
concentration and respond by secreting a chemical signal. The
signal molecule diffuses to nearby muscles in the blood vessel

Fig. 1.10 Local control and reflex control

A comparison of local control and reflex control
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wall, bringing them a message to relax. Relaxation of the muscles
widens (dilates) the blood vessel, which increases blood flow into
the tissue and brings more oxygen to the area.

Reflex Control Uses Long-Distance
Signaling

Changes that are widespread throughout the body, or systemic in
nature, require more complex control systems. For example, main-
taining blood pressure to drive blood flow throughout the body is
a systemic issue rather than a local one. Because blood pressure is
body-wide, maintaining it requires long-distance communication
and coordination. We will use the term reflex control to mean any
long-distance pathway that uses the nervous system, endocrine
system, or both. Chapter 6 discusses different reflex pathways in
more detail. It is important to note that not all reflexes are homeo-
static! For example, the knee jerk reflex (patellar tendon reflex),
where your lower leg kicks out after a tap just below the kneecap,
is a reflex but it has nothing to do with homeostasis.

Physiological reflexes can be represented by response loops
(FIG. 1.11). As with the simple control system just described, a
response loop has three primary components: an input signal, an
integrating center to integrate the signal, and an output signal. These
three components can be expanded into the following sequence of
seven steps to form a pattern that is found with slight variations
in all reflex pathways:

Stimulus — sensor — input signal —
integrating center —

output signal — target — response

The input side of the response loop starts with a stimulus—
the change that occurs when the regulated variable moves out of
its desirable range. A specialized sensor monitors the variable. If
the sensor is activated by the stimulus, it sends an input signal to
the integrating center. The integrating center evaluates the infor-
mation coming from the sensor and initiates an output signal. The
output signal directs a target to carry out a response.

Fig. 1.11 The steps in a reflex pathway
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In mammals, integrating centers are usually part of the ner-
vous system or endocrine system. Output signals may be chemi-
cal signals, electrical signals, or a combination of both. The targets
activated by output signals can be any cell of the body. If the reflex
ends with the response, such as the knee-jerk reflex, the reflex is
considered an open-loop control system. Open response loops
are not homeostatic. A closed-loop control system has feedback,
where the pathway’s response “feeds back” to inform the sensor
that a change has occurred. You will encounter both open and
closed response loops as you study physiology, but homeostasis
requires closed response loops with negative feedback.

Homeostasis Requires Monitored
Variables

To maintain homeostasis, the human body monitors certain key
functions, such as blood pressure and blood glucose concentration,
that must stay within a particular operating range if the body is to
remain healthy (Tbl. 1.1). These important regulated variables
(monitored variables) are kept within their acceptable (normal)
range by long-distance reflex control mechanisms that kick in if
the variable ever strays too far from its setpoint, or preferred
value.

To illustrate closed response loops and homeostasis, let’s
apply the concept to a simple nonbiological example. Think about
an aquarium whose heater is programmed to maintain the water
temperature (the regulated variable) at 30 °C (Fig. 1.11). The room
temperature is 25 °C. The desired water temperature (30 °C) is
the setpoint for the regulated variable.

Assume that initially the aquarium water is at room tempera-
ture, 25 °C. When you turn the control box on, you set the
response loop in motion. The thermometer (sensor) registers a
temperature of 25 °C. It sends this information through a wire
(input signal) to the control box (integrating center). The control
box is programmed to evaluate the incoming temperature signal,
compare it with the setpoint for the system (30 °C), and “decide”
whether a response is needed to bring the water temperature up
to the setpoint. The control box sends a signal through another
wire (output signal) to the heater (the target), which turns on and
starts heating the water (response). This sequence—from stimulus
to response—is the response loop.

This aquarium example involves a variable (temperature)
controlled by a single control system (the heater). We can also
describe a system that is under dual control. For example, think of
a house that has both heating and air conditioning. The owner
would like the house to remain at 70 °F (about 21 °C). On chilly
autumn mornings, when the temperature in the house falls, the
heater turns on to warm the house. Then, as the day warms up,
the heater is no longer needed and turns off. When the sun heats
the house above the setpoint, the air conditioner turns on to cool
the house back to 70 °F. The heater and air conditioner have antag-
onistic control over house temperature because they work in oppo-
sition to each other. Similar situations occur in the human body
when two branches of the nervous system or two different hor-
mones have opposing effects on a single target.
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Concept Check

3. What is the drawback of having only a single control system
(a heater) for maintaining aquarium water temperature in some
desired range?

Feedback Loops Modulate the
Response Loop

The response loop is only the first part of many reflexes. For
example, in the aquarium just described, the sensor sends
temperature information to the control box, which recognizes that
the water is too cold. The control box responds by turning on the
heater to warm the water. Once the response starts, what keeps
the heater from sending the temperature up to, say, 50 °C?

The answer is a feedback loop, where the response “feeds
back” to influence the input portion of the pathway. In the aquarium
example, turning on the heater increases the temperature of the
water. The sensor continuously monitors the temperature and
sends that information to the control box. When the control box
gets feedback that the temperature has warmed up to the maximum
acceptable value, it shuts off the heater, ending the reflex response.

Negative Feedback Loops Are
Homeostatic

For most reflexes, feedback loops are homeostatic—that is,
designed to keep the system at or near a setpoint so that the
regulated variable is relatively stable. How well an integrating
center succeeds in maintaining stability depends on the sensitivity
of the system. In the case of our aquarium, the control box is
programmed to have a sensitivity of +£1°C. If the water
temperature drops from 30 °C to 29.5 °C, it is still within the
acceptable range, and no response occurs. If the water temperature
drops below 29 °C (30 — 1), the control box turns the heater on
(FIG. 1.12). As the water heats up, the control box constantly
receives information about the water temperature from the sensor.
When the water reaches 31 °C (30 £ 1), the upper limit for the
acceptable range, the feedback loop causes the control box to turn
the heater off. The water then gradually cools off until the cycle
starts all over again. The end result is a regulated variable that
oscillates {oscillare, to swing} around the setpoint.

In physiological systems, some sensors are more sensitive
than others. For example, the sensors that trigger reflexes to
conserve water activate when blood concentration increases only
3% above the acceptable range, but the sensors for low oxygen in
the blood will not respond until oxygen has decreased by 40%.

A pathway in which the response opposes or removes
the signal is known as negative feedback (FIG. 1.13a). Negative
feedback loops stabilize the regulated variable and thus aid
the system in maintaining homeostasis. In the aquarium example,
the heater warms the water (the response) and removes the
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Fig. 1.12 Oscillation around the setpoint

Oscillation around the setpoint

Most functions that maintain homeostasis have a
setpoint, or normal value. The response loop that
controls the function activates when the function
moves outside a predetermined normal range.
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stimulus (low water temperature). With loss of the stimulus for
the pathway, the response loop shuts off. Negative feedback loops
can restore the usual state but cannot prevent the initial disturbance.

Positive Feedback Loops Are
Not Homeostatic

A few reflex pathways are not homeostatic. In a positive feedback
loop, the response reinforces the stimulus rather than decreasing or
removing it. In positive feedback, the response sends the regulated

variable even farther from its usual value. This initiates a vicious
cycle of ever-increasing response and sends the system
temporarily out of control (Fig. 1.13b). Because positive feedback
escalates the response, this type of feedback requires some
intervention or event outside the loop to stop the response.

One example of a positive feedback loop involves the
hormonal control of uterine contractions during childbirth
(FIG. 1.14). When the baby is ready to be delivered, it drops lower
in the uterus and begins to put pressure on the cervix, the opening
of the uterus. Sensory signals from the cervix to the brain cause
release of the hormone oxyfocin, which causes the uterus to
contract and push the baby’s head even harder against the cervix,
further stretching it. The increased stretch causes more oxytocin
release, which causes more contractions that push the baby harder
against the cervix. This cycle continues until finally the baby is
delivered, releasing the stretch on the cervix and stopping the
positive feedback loop.

Concept Check

4. Does the aquarium heating system in Figure 1.11 operate using
positive feedback or negative feedback?

Feedforward Control Allows the
Body to Anticipate Change

Negative feedback loops can stabilize a function and maintain it
within an acceptable range but are unable to prevent the change
that triggered the reflex in the first place. A few reflexes have
evolved that enable the body to predict that a change is about to
occur and start the response loop in anticipation of the change.
These anticipatory responses are called feedforward control.

Fig. 1.13 Negative and positive feedback
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Fig. 1.14 A positive feedback loop
A positive feedback loop
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An easily understood physiological example of feedforward
control is the salivation reflex. The sight, smell, or even the
thought of food is enough to start our mouths watering in expec-
tation of eating the food. This reflex extends even further, because
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the same stimuli can start the secretion of hydrochloric acid as the
stomach anticipates food on the way. One of the most complex
feedforward reflexes appears to be the body’s response to exercise
discussed in Chapter 25.

Biological Rhythms Result from
Changes in a Setpoint

As discussed earlier, each regulated variable has an acceptable
range within which it can vary without triggering a correction. In
physiological systems, the setpoints for many regulated variables
are different from person to person, or may change for the same
individual over a period of time. Factors that influence an individ-
ual’s setpoint for a given variable include normal biological
rhythms, inheritance, and the conditions to which the person has
become accustomed.

Regulated variables that change predictably and create
repeating patterns or cycles of change are called biological
rhythms, or biorhythms. The timing of many biorhythms coincides
with a predictable environmental change, such as daily light-dark
cycles or the seasons. Biological rhythms reflect changes in the set-
point of the regulated variable.

For example, all animals exhibit some form of daily biological
rhythm, called a circadian rhythm {circa, about + dies, day}.
Humans have circadian rhythms for many body functions,
including blood pressure, body temperature, and metabolic
processes. For example, body temperature peaks in the late
afternoon and declines dramatically in the early hours of the
morning (FIG. 1.15a). Have you ever been studying late at night
and noticed that you feel cold? This is not because of a drop in
environmental temperature but because your thermoregulatory
reflex has turned down your internal thermostat.

One of the interesting correlations between circadian
rhythms and behavior involves body temperature. Researchers
found that self-described “morning people” have temperature
rhythms that cause body temperature to climb before they wake

Fig. 1.15 Circadian rhythms in humans

Circadian rhythms in humans

(a) Body temperature is lowest in the early morning and
peaks in the late afternoon and early evening. Data from
WE Scales et al., J Appl Physiol 65(4): 1840-1846, 1998.

Oral body temperature (°C)

Midnight Noon Midnight Noon Midnight

(b) Plasma cortisol is lowest during sleep and peaks
shortly after awakening. Data from L Weibel et al., Am
J Physiol Endocrinol Metab 270: E608-E613, 1996.
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up in the morning, so that they get out of bed prepared to face
the world. On the other hand, “night people” may be forced by
school and work schedules to get out of bed while their body
temperature is still at its lowest point, before their bodies are
prepared for activity. These night people are still going strong
and working productively in the early hours of the morning,
when the morning people’s body temperatures are dropping
and they are fast asleep.

Many hormones in humans have blood concentrations that
fluctuate predictably in a 24-hour cycle. Cortisol, growth hor-
mone, and the sex hormones are among the most noted examples.
A cortisol concentration in a 9:00 AM sample might be nearly
twice as high as one taken in the early afternoon (Fig. 1.15b).

If a patient has a suspected abnormality in hormone secre-
tion, it is therefore important to know when hormone levels are
measured. A concentration that is normal at 9:00 AM is high at
2:00 PM. One strategy for avoiding errors due to circadian fluctu-
ations is to collect information for a full day and calculate an aver-
age value over 24 hours. For example, cortisol secretion is
estimated indirectly by measuring all urinary cortisol metabolites
excreted in 24 hours.

What is the adaptive significance of functions that vary with
a circadian rhythm? Our best answer is that biological rhythms
create an anticipatory response to a predictable environmental
variable. There are seasonal rhythms of reproduction in many
organisms. These rhythms are timed so that the offspring have
food and other favorable conditions to maximize survival.

Circadian rhythms cued by the light-dark cycle may corre-
spond to rest-activity cycles. These rhythms allow our bodies to
anticipate behavior and coordinate body processes accordingly.
You may hear people who are accustomed to eating dinner at
6:00 PM say that they cannot digest their food if they wait until
10:00 PM to eat because their digestive system has “shut down”
in anticipation of going to bed.

Some variability in setpoints is associated with changing
environmental conditions rather than biological rhythms. The
adaptation of physiological processes to a given set of
environmental conditions is known as acclimatization when it
occurs naturally. If the process takes place artificially in a
laboratory setting, it is called acclimation. Each winter, people
in the upper latitudes of the northern hemisphere go south in
February, hoping to escape the bitter subzero temperatures and
snows of the northern climate. As the northerners walk around
in 40 °F (about 4 °C) weather in short-sleeve shirts, the
southerners, all bundled up in coats and gloves, cannot
understand why: the weather is cold! The difference in behavior
is due to different temperature acclimatization, a difference in
the setpoint for body temperature regulation that is a result of
prior conditioning.

Biorhythms and acclimatization are complex processes that
scientists still do not completely understand. Some rhythms arise
from special groups of cells in the brain and are reinforced by
information about the light-dark cycle that comes in through the
eyes. Some organs outside the nervous system generate their own
rhythms of protein synthesis and breakdown. Research in simpler
animals such as flies is helping explain the molecular basis for
biological rhythms. We discuss the cellular and molecular basis
for circadian rhythms in Chapter 10.

Running Problem 1.5

Most of the articles Hiro found in PubMed and Google Scholar
seemed to be focused on detailed descriptions of experiments.
“Is there any way to find papers that are not so complicated?”
he asked Jennifer.

“Well, when I'm trying to learn about a new topic, | look for
review articles, which are summaries of recent research. Both
Google Scholar and PubMed have options that let you limit your
results to show only review articles.” Hiro went back to PubMed
and Google Scholar to see if this would help him find the
information he was looking for.

Jennifer had also mentioned using artificial intelligence to
answer the question. “But you need to be cautious and always
verify what an Al program tells you.” Hiro went to ChatGPT
(chat.openai.com) and typed “What does research say about
taking probiotics?”

Q6: On the Google Scholar and PubMed pages with results from
the last 5 years, select the option for review articles. Now how
many results are there?

Q7: Replicate Hiro’s search in ChatGPT or another Al program.
What does Al say about taking probiotics?

] 1.6 The Science of

Physiology

How do we know what we know about the physiology of the
human body? The first descriptions of physiology came from
simple observations. But physiology is an experimental science,
one in which researchers generate hypotheses {hypotithenai, to
assume; singular hypothesis}, or logical guesses, about how events
take place. They test their hypotheses by designing experiments
to collect evidence that supports or disproves their hypotheses,
and they publish the results of their experiments in the scientific
literature. Healthcare providers look in the scientific literature for
evidence from these experiments to help guide their clinical
decision-making. Critically evaluating the scientific evidence in
this manner is a practice known as evidence-based medicine.
Observation and experimentation are the key elements of
scientific inquiry.

Good Scientific Experiments Must
Be Carefully Designed

A common type of biological experiment either removes or alters
some variable that the investigator thinks is an essential part of an
observed phenomenon. That altered variable is the independent
variable. For example, a biologist notices that birds at a feeder
seem to eat more in the winter than in the summer. She generates
a hypothesis that cold temperatures cause birds to increase their
food intake. To test her hypothesis, she designs an experiment in



which she keeps birds at different temperatures and monitors
how much food they eat. In her experiment, temperature, the
manipulated element, is the independent variable. Food intake,
which is hypothesized to be dependent on temperature, becomes
the dependent variable.

Concept Check

5. Students in the laboratory run an experiment in which they drink
different volumes of water and measure their urine output in the
hour following drinking. What are the independent and depend-
ent variables in this experiment?

An essential feature of any experiment is an experimental
control. A control group is usually a duplicate of the experimental
group in every respect except that the independent variable is not
changed from its initial value. Ideally, all other conditions are kept
identical in the control and experimental groups, and those factors
are considered controlled variables. For example, in the bird-
feeding experiment, the control group would be a set of birds
maintained at a warm summer temperature but otherwise treated
exactly like the birds held at cold temperatures. The purpose of
the control group is to ensure that any observed changes are due
to the manipulated variable and not to changes in some other
variable. For example, suppose that in the bird-feeding experi-
ment food intake increased after the investigator changed to a dif-
ferent food. Unless she had a control group that was also fed the
new food, the investigator could not determine whether the
increased food intake was due to temperature or to the fact that
the new food was more palatable. The type of food fed to the birds
would be a controlled variable.

During an experiment, the investigator carefully collects
information, or data {plural; singular datum, a thing given}, about
the effect that the manipulated (independent) variable has on the
observed (dependent) variable. Once the investigator feels that
she has sufficient information to draw a conclusion, she begins to
analyze the data. Analysis can take many forms and usually
includes statistical analysis to determine if apparent differences
are statistically significant. A common format for presenting data
is a graph (FIG. 1.16).

If one experiment supports the hypothesis that cold causes
birds to eat more, then the experiment should be repeated to
ensure that the results were not an unusual one-time event. This
step is called replication. When the data support a hypothesis in
multiple experiments, the hypothesis may become a working
model. A model with substantial evidence from multiple investi-
gators supporting it may become a scientific theory.

Most information presented in textbooks like this one is based
on models that scientists have developed from the best available
experimental evidence. On occasion, investigators publish new
experimental evidence that does not support a current model. In
that case, the model must be revised to fit the available evidence.
For this reason, you may learn a physiological “fact” while using
this textbook, but in 10 years that “fact” may be inaccurate because
of what scientists have discovered in the interval.
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For example, in 1970, students learned that the cell mem-
brane was a “butter sandwich,” a structure composed of a layer of
fats sandwiched between two layers of proteins. In 1972, however,
scientists presented a very different model of the membrane, in
which globules of proteins float within a double layer of fats. As a
result, students who had learned the butter sandwich model had
to revise their mental model of the membrane.

Where do our scientific models for human physiology come
from? We have learned much of what we know from experiments
on animals ranging from fruit flies and squid to rats. In many
instances, the physiological processes in such animals are either
identical to those taking place in humans or else similar enough
that we can extrapolate from the animal model to humans. It is
important to use nonhuman models because experiments using
human subjects can be difficult to perform.

However, not all studies done on animals can be applied to
humans. For example, an antidepressant drug that Europeans had
used safely for years was undergoing stringent testing required
by the U.S. Food and Drug Administration before it could be sold
in this country. When beagle dogs were given the drug for a
period of months, the dogs started dying from heart problems.
Scientists were alarmed until further research showed that beagles
have a unique genetic makeup that causes them to break down
the drug into a more toxic substance. The drug was perfectly safe
in other breeds of dogs and in humans, and it was subsequently
approved for human use.

The Results of Human
Experiments Can Be Difficult
to Interpret

Many reasons make it difficult to carry out physiological experi-
ments in humans, including variability, psychological factors, and
ethical considerations.

Variability

Human populations have tremendous genetic and environmental
variability. It has been traditional in medicine to talk about
“normal values” for body functions, but what is “normal” for one
person may not be “normal” for someone else. When possible, it is
better to use the word typical or healthy although you will still
encounter normal in tables and discussions of variables that can be
quantified, such as blood glucose concentrations. Physiology
books usually present average values for many physiological
variables, such as blood pressure, but these average values simply
represent a number that falls somewhere near the middle of a
wide range of values.

The variability found in human populations can make it
difficult to show significant differences between experimental and
control groups in a human experiment. Ideally, an investigator
would have to include a large number of identical subjects in a
study. However, getting two groups of people who are identical in
every respect is impossible. Instead, the researcher must attempt
to recruit subjects who are similar in as many aspects as possible.
You may have seen newspaper advertisements requesting
research volunteers: “Healthy males between 18 and 25,
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Fig. 1.16 Focus on . .. Graphing

Focus on... Graphing

Graphs are pictorial representations of the relationship
between two (or more) variables, plotted in a rectangu-
lar region. Graphs present a large amount of numerical
data in a small space, emphasize comparisons
between variables, or show trends over time.

A viewer can extract information much more rapidly from a
graph than from a table of numbers or from a written description.
A well-constructed graph should contain (in very abbreviated
form) everything the reader needs to know about the data,
including the purpose of the experiment, how the experiment
was conducted, and the results.

All scientific graphs have common features.

The horizontal axis is called the x-axis.
The vertical axis is called the y-axis.

The intersection of the two axes is called the
origin. The origin usually, but not always, has
a value of zero for both axes.

The simplest way to know what most graphs
mean is the substitute the labels on the X and
Y axes into the following sentence:

The effect of [X] on [Y]

The x-axis shows values of the variable
manipulated by the experimenter. This is
called the independent variable.

Dependent variable (units)

The y-axis shows the variable measured by
the experimenter. It is called the dependent
variable.

If the experimental design is valid and the
hypothesis is correct, changes in the
independent variable (x-axis) will cause
changes in the dependent variable (y-axis).

In other words, y is a function of x, or
mathematically, y = f(x).

Most graphs you will encounter in physiology display
data either as bars (bar graphs or histograms), as
lines (line graphs), or as dots (scatter plots). Some
typical types of graphs are shown here.

Here's one approach to reading graphs:

1. Read the title and legend. These are a
capsule summary of the graph’s contents.

2. Read the axis labels and put them into the
sentence
The effect of [X] on [Y].
3. Look for trends in the graph. Are lines

horizontal or do they have a slope? Are bars
the same height or different heights?

A graph should have a title (usually put above the graph) or legend
below the graph. These describe what the graph represents.

y-axis
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I 1 s | symbol or color on the
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Each axis of a graph is divided into units represented by evenly
spaced tick marks on the axis.

Each axis has a label that tells

* what variable the axis represents (time, temperature,
amount of food consumed)

= the units of the axis (days, degrees Celsius, grams per day).

Bar graphs are used when the independent variables are distinct
entities. Each bar represents a different variable. The bars are
lined up side by side so that they can easily be compared with
one another. Scientific bar graphs traditionally have vertical bars.
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food intake was monitored for three weeks.
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“best fit” line or curve).

¢ Each point on the graph represents the
average of a set of observations.

s Because the independent variable is a
continuous function, the points can be
connected with a line (point-to-point
connections or a mathematically calculated

* The slope of the line between two points
represents the rate at which the variable

changed.

= Connecting the points with lines allows the

reader to interpolate, or estimate values

between the measured values.

Line graphs are used when the independent variable
on the x-axis is a continuous phenomenon, such as
time, temperature, or weight.
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GRAPH QUESTION
2. When did male mice increase

6

T
7.

their body weight the fastest?

Male and female mice were fed a standard diet and weighed daily.

¢ Individual points on a scatter plot are
never connected by a line, but a “best fit”

Scatter plots show the relationship between
two variables, such as time spent studying
for an exam and performance on that exam.

e Usually each point on the plot represents
one member of a test population.

line or curve may indicate a trend in the

data.

100
a0 - —— L
80 ///
g‘ Tu - /.
< 60 A € GRAPH QUESTIONS
r the line grap scatter plot,
5 5 Z For the line graph and |
@ t // . answer the following:
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=0 e i 4. What are the independent
20 and dependent variables?
1 5. What are the trends
10 indicated by the data?
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2 4 6 8 10 12

Time spent studying (hours)

Student scores were directly related to the amount of time they spent studying.

Try It!
Graphing

Students in a physiology labo-
ratory collected heart rate data
on one another. In each case,
heart rate was measured first
for the subject at rest and again
after the subject had exercised
for 5 minutes using a step test.

Data from the experiment are
shown in the table.

Resting heart rate

Post exercise heart

(beats/min) rate (beats/min)

1 |m| 2

2 | m | 2 62 110
3 | F |19 70 11
4 M 20 64 95
5 | F | 20 85 120
6 F 19 72 98
7 F 21 73 101

@

(b)

©

What was the independent vari-
able in this experiment? What was
the dependent variable?

Describe two observations you can
make from the data.

Draw one graph that illustrates
both findings you described in (b).
Label each axis with the correct
variable.

(Hint: Excel is a simple way to make

graphs from data in tables. Excel calls

graphs “charts.”)
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nonsmokers, within 10% of ideal body weight, to participate in a
study. . . .” Researchers must take into account the variability
inherent in even a select group of humans when doing
experiments with human subjects. This variability may affect the
researcher’s ability to interpret the significance of data collected
on that group.

One way to reduce variability within a test population,
whether human or animal, is to do a crossover study. In a cross-
over study, each individual acts both as experimental subject and
as control. Thus, the individual’s responses to the treatment can
be compared to the same subject's control value. This method is
particularly effective when there is wide variability within a
population.

For example, in a test of blood pressure medication,
investigators might divide subjects into two groups. Group A
takes an inactive substance called a placebo (from the Latin for “I
shall be pleasing”) for the first half of the experiment, then
changes to the experimental drug for the second half. Group B
starts with the experimental drug, and then changes to the
placebo. This scheme enables the researcher to assess the effect of
the drug on each individual. In other words, subjects act as their
own control. Statistically, the data analysis can use methods that
look at the changes within each individual rather than at changes
in the collective group data.

Psychological Factors

Another significant variable in human studies is the psychological
aspect of administering a treatment. If you give someone a pill
and tell the person that it will help alleviate some problem, there
is a strong possibility that the pill will have exactly that effect,
even if it contains only sugar or an inert substance. This well-
documented phenomenon is called the placebo effect. Similarly, if
you warn people that a drug they are taking may have specific
adverse side effects, those people will report a higher incidence of
the side effects than a similar group of people who were not
warned. This phenomenon is called the nocebo effect, from the
Latin nocere, to do harm. The placebo and nocebo effects show the
ability of our minds to alter the physiological functioning of our
bodies.

In setting up an experiment with human subjects, we must
try to control for the placebo and nocebo effects. The simplest way
to do this is with a blind study, in which the subjects do not know
whether they are receiving the treatment or the placebo. Even this
precaution can fail, however, if the researchers assessing the sub-
jects know which type of treatment each subject is receiving. The
researchers’ expectations of what the treatment will or will not do
may color their measurements or interpretations.

To avoid this outcome, researchers often use double-blind
studies. A third party, not involved in the experiment, is the only
one who knows which group is receiving the experimental treat-
ment and which group is receiving the control treatment. The
most sophisticated experimental design for minimizing psycho-
logical effects is the double-blind crossover study. In this type of
study, the control group in the first half of the experiment becomes
the experimental group in the second half, and vice versa, but no
one involved knows who is taking the active treatment.

Ethical Considerations

Ethical questions arise when humans are used as experimental
subjects, particularly when the subjects are people suffering from
a disease or other illness. Is it ethical to withhold a new and
promising treatment from the control group? A noteworthy
example occurred some years ago when researchers were testing
the efficacy of a treatment for dissolving blood clots in heart attack
victims. The survival rate among the treated patients was so much
higher that testing was halted so that members of the control
group could also be given the experimental drug.

In contrast, tests on some anticancer agents have shown that
the experimental treatments were less effective in stopping the
spread of cancer than were the standard treatments used by the
controls. Was it ethical to undertreat patients in the experimental
group by depriving them of the more effective current medical
practice? Most studies now are evaluated continually over the
course of the study to minimize the possibility that subjects will
be harmed by their participation.

In 2002, a trial on hormone replacement therapy in postmeno-
pausal women was halted early when investigators realized that
women taking a pill containing two hormones were developing
cardiovascular disease and breast cancer at a higher rate than
women on placebo pills. On the other hand, the women receiving
hormones also had lower rates of colon cancer and bone fractures.
The investigators performed a risk-benefit analysis and decided
that the risks associated with taking the hormones exceeded the
potential benefits, so they stopped the study. To learn more about
this clinical trial and the pros and cons of hormone replacement
therapy, visit MedlinePlus, a website of the U.S. National Library
of Medicine.

Human Studies Can Take Many Forms

Almost daily, the newspapers carry articles about clinical trials
studying the efficacy of drugs or other medical treatments. Many
different aspects of experimental design can affect the validity and
applicability of the results of these trials. For example, some trials
are carried out for only a limited time on a limited number of peo-
ple, such as studies conducted for the U.S. Food and Drug Admin-
istration’s drug-approval process. In several instances in recent
years, drugs approved as a result of such studies have later been
withdrawn from the market when extended use of the drug by
larger populations uncovered adverse side effects, including
deaths.

Longitudinal studies are designed to be carried out for a
long period of time. One of the most famous longitudinal studies
is the Framingham Heart Study, started in 1948 and still ongoing.
Framingham is a prospective study {prospectus, outlook, looking
forward} that recruited healthy people and has been following
them for years to identify factors that contribute to the develop-
ment of cardiovascular disease. This study has already made
important contributions to healthcare, and it continues today with
the adult children and grandchildren of the original participants.

Additional study designs you may encounter in the literature
include cross-sectional and retrospective studies. Cross-sectional
studies survey a population for the prevalence of a disease or con-
dition. Data from cross-sectional studies identify trends to be



investigated further, such as whether age group or socioeconomic
status is associated with a higher risk of developing the condition
being surveyed. Retrospective studies {retro,backward + spectare,
to look} match groups of people who all have a particular disease
to a similar but healthy control group. The goal of these studies is
to determine whether development of the disease can be associ-
ated with a particular variable.

Often, the results of one or more published studies do not
agree with the conclusions of other published studies. In some
cases, the reason for the disagreement turns out to be a limitation
of the experimental design, such as a small number of subjects
who may not be representative of larger populations. In other
cases, the disagreement may be due to small but potentially sig-
nificant differences in the experimental designs of the different
studies.

One way scientists attempt to resolve contradictory results is
to perform a meta-analysis of the data {meta-, at a higher level}. A
meta-analysis combines all the data from a group of similar stud-
ies and uses sophisticated statistical techniques to extract signifi-
cant trends or findings from the combined data. For example,
multiple studies have been done to assess whether glucosamine
and chondroitin, two dietary supplements, can improve degener-
ative joint disease. However, the individual studies had small
numbers of subjects (<50) and used different dosing regimens. A
meta-analysis using statistical methods is one way to compare the
results from these studies.”

The difficulty of using human subjects in experiments is one
of the reasons scientists use animals to develop many of our scien-
tific models. Since the 1970s, physiological research has increas-
ingly augmented animal experimentation with techniques
developed by cellular biologists and molecular geneticists. As we

Introduction to Physiology 25

have come to understand the fundamentals of chemical signaling
and communication in the body, we have unlocked the mysteries
of many processes. In doing so, we also have come closer to being
able to treat many diseases by correcting their cause rather than
simply treating their symptoms.

More and more, medicine is turning to therapies based on
interventions at the molecular level. A classic example is the treat-
ment of cystic fibrosis (CF), an inherited disease in which the
mucus of the lungs and digestive tract is unusually thick. For
many years, patients with this condition had few treatment
options, and most died at a young age. However, basic research
into the mechanisms by which salt and water move across cell
membranes provided clues to the underlying cause of cystic fibro-
sis: a defective protein in the membrane of certain cells. The new-
est treatments for CF now improve the function of the defective
protein, and life expectancy of people with CF is close to that of
the general population. Without the basic research into how cells
and tissues carry out their usual tasks, however, this treatment
would never have been developed. Some of the most exciting
therapies coming to medicine are interventions targeting gene
mutations that result in disease. In late 2023, the U.S. Food and
Drug Administration approved two new treatments correcting the
gene mutation that causes the abnormal hemoglobin associated
with sickle cell disease.

As you read this book and learn what we know about how the
human body works, keep in mind that many of the ideas presented
are not hard facts — they simply describe models that represent our
current understanding and therefore are subject to change. As we
learned during the COVID-19 pandemic, scientific knowledge is
constantly and rapidly changing. There are still many questions in
physiology waiting for investigators to find the answers.

Running Problem 1.6 Conclusion: What to Believe?

After reading a few of the review articles Hiro found while search-
ing, he called Jennifer back. “Hey! Those were great suggestions,
but | just need something simple. Is there some place that a non-
medical person should go to learn about probiotics?”

“I send my friends to MedlinePlus (www.medlineplus.gov)
when they need basic information,” Jennifer answered. Hiro
repeated his search once more in MedlinePlus and found himself
back where he had started, with links to the probiotics articles on
the NCCIH website. “All these sites are saying we don’t have
enough information yet to know whether probiotics are helpful,”
Hiro decided.

Most people today begin their quest for information by search-
ing the internet. Be cautious! Anyone can make a website or video
and publish it on the web. There is no screening process compara-
ble to peer review in scientific journals, and the reader of a website

must decide how valid the information on the site is. Websites pub-
lished by recognized universities and nonprofit organizations are
likely to have good information, but you should view an article
about probiotics on a health food store web page with a skeptical
eye unless the article cites published peer-reviewed research.

The best websites for health information are sponsored by
organizations that are part of the scientific and healthcare com-
munities, such as the National Institutes of Health (NIH), nonprofit
groups dedicated to supporting research on a particular disease
(e.g., The American Diabetes Association, diabetes.org), or clinics
and universities where scientists and physicians are actively
investigating causes and treatments for diseases. Treat commer-
cial websites that end in *.com with extra caution.

Check your answers to the questions against the information
in the table below.


https://diabetes.org
https://*.com
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Question

Answer and Commentary

01:  Rank these 10 resulfs from most to likely to have 1. Best: The NIH websites that are written by scientists. www.nccih.nih.gov, www.ods.od.nil.gov
good information, and explain how you chose your 3 mayociinic.org and health. harvard.edu are vetted by health professionals at medical schools

rankings.

3. webmd.com and healthline.com are commercial sites with the potential for bias in favor of advertisers.

4. en.wikipedia.org: Wikipedia is a crowd-sourced website and sometimes contains information that is not

accurate.

5. seed.com, amazon.com, and ritual.com are all commercial websites whose goal is to sell products.

02:  What is the mission of NCCIH?

The ABOUT page says the mission of NCCIH is to provide authoritative, science-based information on the

use, safety, and efficacy of products used in complementary and integrative healthcare practices.

03:  What does NCCIH say about whether probiotics
are helpful and about whether they are safe?

The “What you need to know” factsheet® on probiotics includes a warning about the risks of giving probiot-
ics to premature infants. The section on effectiveness of probiotics says that although a lot is known, there

are still unanswered questions about how probiotics work and when they might be unsafe.

04: Repeat Hiro's searches in Google Scholar and
PubMed. Compare the number of results from results.
these searches to the 244 million results from his
simple Google search.

The Google Scholar search returns over 860,000 results and the PubMed search yields more than 46,000

05:  Use the options in the left sidebar of the Google
Scholar and PubMed pages and limit the search
to the last 5 years. Now how many results are
there?

For the last 5 years, the Google Scholar search returns more than 32,000 results and the PubMed search
has more than 23,000 results.

06:  On the Google Scholar and PubMed pages with

For reviews in the last 5 years, the Google Scholar search has more than 21,000 results and the PubMed

results from the last 5 years, select the option for ~ search has about 5,000 results.

reviews. Now how many results are there?

07:  Replicate Hiro’s search in ChatGPT or another
Al program. What does Al say about taking
probiotics?

The responses of an Al program might differ slightly each time a question is asked, but in January 2024,
ChatGPT returned the following answer: As of my last knowledge update in January 2022, research on
probiotics was ongoing, and findings were mixed regarding their overall benefits. The answer continued

to point out that the topic is complex and that there might be more recent information based on better

evidence.

Citing Resources

Whenever you use someone else’s material, even if it is just for a
class project, you should cite your source. If you put a photo from
the web into a PowerPoint slide, be sure to include the URL. If you
paraphrase something written, acknowledge where you learned the
information. Copying or paraphrasing material from another source
without acknowledging that source is academic dishonesty.

There are many different citation format styles. PubMed
allows you to choose between AMA (American Medical Associa-
tion), APA (American Psychological Association), MLA (Modern
Language Association), and NLM (National Library of Medicine)
styles when downloading references. Two useful websites for
learning about citation styles are Scientific Style and Format®,
published by the Council of Science Editors, and Purdue Univer-
sity’s Online Writing Lab, Purdue OWL (owl.purdue.edu).

Citing Web Sources

Unlike formally published resources like scientific journals, web
pages are not permanent and frequently disappear or move. Here
is one suggested format for citing information from a website:

Author/Editor (if known). Revision or copyright date (if available).
Title of web page [Publication medium]. Publisher of webpage.
URL [Date accessed].

Example:

Patton G (editor). 2005. Biological Journals and Abbreviations.
[Online]. National Cancer Institute. http://home.ncifcrf.gov/
research/bja [accessed April 10, 2005].

Citing Publications
Citation formats for papers in research journals vary but will usually
include the following elements (with the punctuation shown):

Author(s). Article title. Journal Name volume (issue): inclusive
pages, year of publication. DOI.

Example:
Echevarria M, llundain AA. Aquaporins. J Physiol Biochem 54(2):
107-118, 1998.

Many articles now have a unique DOI (digital object identifier)
number. These are alphanumeric codes that provide a permanent
link to the article on the Internet, so that even if a website changes
names, you will still be able to find the article.

Helpful Hints

e |f you access a published journal on the web, you should give
the print citation and DOI, not the URL of the website.


http://home.ncifcrf.gov/research/bja
http://home.ncifcrf.gov/research/bja
http://www.nccih.nih.gov
https://www.ods.od.nih.gov
https://mayoclinic.org
https://health.harvard.edu
https://en.wikipedia.org
https://webmd.com
https://healthline.com
https://seed.com
https://amazon.com
https://ritual.com
http://owl.purdue.edu

e Journal names are abbreviated using standard abbreviations

that you can look up online’. One-word titles, such as

Science, are never abbreviated. For example, the American

Journal of Physiology is abbreviated as Am J Physiol.

e Journals group their publications into volumes that
correspond to a certain period of time (a year, six months,
etc.). The first publication of a given volume is designated
issue 1, the second is issue 2, and so on. In the citation J
Physiol Biochem 54(2): 107-118, 1998, you know that this
was volume 54, issue 2.

e Word-for-word quotations placed within quotation marks are

rarely used in scientific writing.

] Chapter Summary
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e When paraphrasing in written work, acknowledge the source
this way:
Some rare forms of epilepsy are known to be caused by muta-
tions in ion channels (Mulley et al., 2003).

When a paper has three or more authors, we usually use the
abbreviation et al.—from the Latin et alii, meaning “and others”—
to save space in the body of the text. All authors’ names are given
in the full citation, which is usually included within a References
section at the end of the paper.

Chapter 1 has introduced you to the physiology you will be learing about as you continue
through this book. The eight core concepts discussed here and in the other chapters in

Unit 1 will provide you with a solid foundation for your studies.

Core Goncepts in Physiology

Core Structure- Molecular Compartmentation
Concept function interactions

Energy

Gradients Communication | Homeostasis Mass balance

NN

Levels of Organization

The Human Body

10 Organ systems | Fig.1.3

Organs

Tissues

|
Y
Cells

Organelles

Intracellular

fluid fluid

2

Molecules

Extracellular | Fig. 1.6



28 Chapter 1

Homeostasis

Table 1.1
10 Regulated Variables

* Some reflexes are not
for homeostasis.
Fig. 1.14

» Setpoints that initiate a
response loop can vary.
Fig. 1.15

= Negative feedback
loops help maintain
homeostasis. Fig. 1.11

» Positive feedback is not

Maintenence of a relatively stable internal

/ environment depends on

_—

SENSOR | <€----,

k

INPUT
SIGNAL

Feedback loop

Fig. 1.7

* To maintain a steady
state, input must equal
output.

e Steady state is not the
same as equilibrium.

» A disequilibrium can
exist in a steady state.

homeostatic. Fig. 1.13 Fig. 1.8
e Feedforward reflexes
anticipate a change.
RESPONSE ) _____ -7

The Science of Physiology

Scientific Experiments © Human Experiments
Complex because of

Independent variable (X)

Chang‘/

Experimental
group

e

Controlled variables are
the same for both groups

w:d constant

Control
group

2

‘ Dependent (measured) variable (Y)

' Graphical display of data | Fig. .16
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* Vfariability among individuals
« What is “normal”?

* Psychological factors
= Placebo and nocebo effects

» Ethical considerations
« Risk-benefit analysis
« Side effects
= Undertreating

Types of Studies

¢ Blind and double-blind

* Crossover studies

* Prospective and retrospective
* Cross-sectional
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Links to Resources

DR Richardson. A survey of students’ notions of body function
as teleologic or mechanistic. Advan Physiol Educ 258: 8-10,
Jun 1990. https://doi.org/10.1152 /advances.1990.258.6.58

2SR Smith et al. Pramlintide treatment reduces 24-h caloric intake
and meal sizes and improves control of eating in obese
subjects: a 6-wk translational research study. Am | Physiol
Endocrinol Metab 293: E620-E627, 2007. https:/ /doi.
org/10.1152 /ajpendo.00217.2007

3Scientific Foundations for Future Physicians. Howard Hughes
Medical Institute (HHMI) and the Association of American
Medical Colleges (AAMC), 2009. https:/ /store.aamc.org/
scientific-foundations-for-future-physicians-pdf.html

Vision and Change: A Call to Action. National Science Foundation
(NSF) and American Association for the Advancement of
Science (AAAS). 2011.

5C Bernard. Legons sur les phénomenes de la vie communs aux
animaux et aux végétaux (Vol. 1, p. 113), Paris: ].-B. Bailliere,
1885. https:/ /www.biodiversitylibrary.org/
item/97313#page/151/mode/1up

SWB Cannon. Organization for physiological homeostasis. Physiol
Rev 9: 399-443, 1929. nvc https://doi.org/10.1152/
physrev.1929.9.3.399

’S Wandel et al. Effects of glucosamine, chondroitin, or placebo in
patients with osteoarthritis of hip or knee: network
meta-analysis. Br Med | 341: c4675-c4676, 2010. https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC2941572 /

8What you need to know factsheet https:/ /www.nccih.nih.gov/
health/probiotics-what-you-need-to-know#

9Scientific Style and Format https:/ /www.scientificstyleandformat.
org/Welcome. html

Whttps: / /www.ncbi.nlm.nih.gov/nlmcatalog /journals/

7B Moseley et al. A controlled trial of arthroscopic surgery for
osteoarthritis of the knee. The N Engl | Med 347: 81-88, 2002.
https://doi.org/10.1056 /NEJM0a013259

Review Questions

In addition to working through these questions and checking
your answers, review the Learning Outcomes at the beginning of
this chapter.

Level One Reviewing Facts and Terms

1. Define physiology. Describe the relationship between physi-
ology and anatomy.

2. Name the different levels of organization in the biosphere.

3. Name the 10 systems of the body and give their major
function(s).

4. What does “Physiology is an integrative science” mean?

5. Define homeostasis. Name some regulated variables that are
maintained through homeostasis.

6. Name eight core concepts in physiology.

7. Put the following parts of a reflex in the correct order for a
physiological response loop: input signal, integrating center,
output signal, response, sensor, stimulus, target.

8. The name for daily fluctuations of body functions such as
blood pressure, temperature, and metabolic processes is a(n)

Level Two Reviewing Concepts

9. Mapping exercise: Make a large map showing the organiza-
tion of the human body. Show all levels of organization in the
body (see Fig. 1.2) and all 10 organ systems. Try to include
functions of all components on the map and remember that

some structures may share functions. (Hint: Start with the
human body as the most important term. You may also draw
the outline of a body and make your map using it as the
basis.)

10. Distinguish between the items in each group of terms.
(a) tissues and organs
(b) x-axis and y-axis on a graph
(c) dependent and independent variables
(d) teleological and mechanistic approaches
(e) the internal and external environments for a human
() blind, double-blind, and crossover studies
(g) the target and the sensor in a control system

11. Name as many organs or body structures that connect directly
with the external environment as you can.

12. Which organ systems are responsible for coordinating body
function? For protecting the body from outside invaders?
Which systems exchange material with the external environ-
ment, and what do they exchange?

13. Explain the differences among positive feedback, negative

feedback, and feedforward mechanisms. Under what circum-
stances would each be advantageous?

Level Three Problem Solving
14. A group of biology majors went to a mall and asked pas-

sersby, “Why does blood flow?” These are some of the
answers they received. Which answers are teleological and


https://www.biodiversitylibrary.org/item/97313#page/151/mode/1up
https://www.biodiversitylibrary.org/item/97313#page/151/mode/1up
https://www.nccih.nih.gov/health/probiotics-what-you-need-to-know#
https://www.nccih.nih.gov/health/probiotics-what-you-need-to-know#
https://doi.org/10.1152/ajpendo.00217.2007
https://doi.org/10.1152/ajpendo.00217.2007
https://store.aamc.org/scientific-foundations-for-future-physicians-pdf.html
https://store.aamc.org/scientific-foundations-for-future-physicians-pdf.html
https://doi.org/10.1152/physrev.1929.9.3.399
https://doi.org/10.1152/physrev.1929.9.3.399
https://www.scientificstyleandformat.
https://www.scientificstyleandformat.
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which are mechanistic? (Not all answers are correct, but they
can still be classified.)

(a) Because of gravity

(b) To bring oxygen and food to the cells

(c) Because if it didn’t flow, we would die

(d) Because of the pumping action of the heart

Although dehydration is one of the most serious physiological
obstacles that land animals must overcome, there are others.
Think of as many as you can, and think of various strategies
that different terrestrial animals have to overcome these
obstacles. (Hint: Think of humans, insects, and amphibians;
also think of as many different terrestrial habitats as you can.)

Level Four Quantitative Problems

16.

17.

18.

A group of students wanted to see what effect a diet deficient
in vitamin D would have on the growth of baby guppies.
They fed the guppies a diet low in vitamin D and measured
fish body length every third day for three weeks. Their data
looked like this:

Day 0 31691211518

-~
|

Average body length (mm) | 6 1211416 ] 18

(a) What was the dependent variable and what was the
independent variable in this experiment?

(b) What was the control in this experiment?

(¢) Make a fully labeled graph with a legend, using the data
in the table.

(d) During what time period was growth slowest? Most
rapid? (Use your graph to answer this question.)

You performed an experiment in which you measured the
volumes of nine slices of potato, then soaked the slices in
solutions of different salinities for 30 minutes. At the end of
30 minutes, you again measured the volumes of the nine
slices. The changes you found were:

Percent Change in Volume after 30 Minutes
Solution Sample 1 Sample 2 Sample 3
Distilled water 10% 8% 11%
1% salt (NaCl) 0% —0.5% 1%
9% salt (NaCl) —8% —12% —11%

(a) What was the independent variable in this experiment?
What was the dependent variable?

(b) Can you tell from the information given whether or not
there was a control in this experiment? If there was a
control, what was it?

(c) Graph the results of the experiment using the most
appropriate type of graph.

At the end of the semester, researchers measured an interme-

diate-level class of 25 male weight lifters for aerobic fitness

and midarm muscle circumference. The relationship between

those two variables is graphed here.

19.
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Midarm muscle circumference (cm)

(a) What kind of graph is this?
(b) What question were the investigators asking?

(c) In one sentence, summarize the relationship between the
two variables plotted on the graph.

Answer the questions after the following article summary.

Astudy' was carried out on human volunteers to see whether
two procedures performed during arthroscopic surgery
{arthro-, joint + scopium, to look at} are effective in relieving
knee pain associated with osteoarthritis, or degenerative
joint disease {osteon, bone + arthro —, joint + —itis,
inflammation}. The volunteers were up to 75 years old and
were recruited from a Veterans Affairs Medical Center. They
were 93% male and 60% white. One-third of the subjects had
placebo operations—that is, they were given anesthesia and
their knees were cut open, but the remainder of the treatment
procedure was not done. The other two-thirds of the subjects
had one of the two treatment procedures performed. Subjects
were followed for two years. They answered questions about
their knee pain and function and were given an objective
walking and stair-climbing test. At the end of the study, the
results showed no significant difference in knee function
or perception of pain between subjects getting one of the
standard treatments and those getting the placebo operation.

(a) Do you think it is ethical to perform placebo surgeries on
humans who are suffering from a painful condition, even
if the subjects are informed that they might receive the
placebo operation and not the standard treatment?

(b) Give two possible explanations for the decreased pain
reported by the placebo operation subjects.

(0) Analyze and critique the experimental design of this
study. Are the results of this study applicable to everyone
with knee pain?

(d) Was this study a blind, double-blind, or double-blind
crossover design?

(e) Why do you think the investigators felt it was necessary
to include a placebo operation in this study?

Answers to Concept Checks, Figure and Graph Questions, and
end-of-chapter Review Questions can be found in Appendix A.
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LDL particle binding to the LDL receptor

Science regards man as an aggregation of atoms temporarily united by a mysterious force called the life-principle.

H. P. Blavatsky, 1877. In Isis Unveiled: A Master-Key to the Mysteries of Ancient and Modern Science and Theology,
Vol. I: Science

Chapter 2 focuses on the core concept of Molecular Interactions, going from subatomic particles up to complex macromolecules that are
responsible for many aspects of physiological function.

The first two sections of the chapter may be a review, depending on your background. Use the REVIEW figures to check your under-
standing of chemistry and biochemistry.

Section 2.3 focuses on protein binding, one of the key molecular interactions that govern physiological processes. The principles of
protein binding apply to membrane transporters and signal receptors as well as to enzymes, so learning the basic patterns here is
important.

Molecular
Interactions
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Learning Outcomes

2.1 Molecules and Bonds

LO 2.1.1 Compare and contrast the composition, structure, and
functions of the four major groups of biomolecules.
Describe four important biological roles of electrons.
Describe and compare the different types of covalent

and noncovalent bonds.

LO 2.1.2
LO 2.1.3

2.2 Noncovalent Interactions

LO 2.2.1 Contrast the structure and solubility of polar and
nonpolar molecules.

Describe the covalent and noncovalent interactions
that contribute to molecular shape, and explain how

molecular shape is related to molecular function.

LO 2.2.2

early 100 years ago two scientists, Aleksander Oparin in

Russia and John Haldane in England, speculated on how
life might have arisen on a primitive Earth whose atmosphere
consisted mainly of hydrogen, water, ammonia, and methane.
Their theories were put to the test in 1953, when a 23-year-old
scientist named Stanley Miller combined these molecules in a
closed flask and boiled them for a week while periodically
discharging flashes of electricity through them, simulating
lightning. At the end of his test, Miller found amino acids had
formed in the flask. With this simple experiment, he had
shown that it was possible to create organic molecules,
usually associated with living creatures, from nonliving
inorganic precursors.

Miller’s experiments were an early attempt to solve one of
the biggest mysteries of biology: How did a collection of
chemicals first acquire the complex properties that we associate
with living creatures? We still do not have an answer to this
question. Numerous scientific theories have been proposed,
ranging from life arriving by meteor from outer space to molecules
forming in deep ocean hydrothermal vents. No matter what their
origin, the molecules associated with living organisms have the
ability to organize themselves into compartments, replicate
themselves, and act as catalysts to speed up reactions that
would otherwise proceed too slowly to be useful.

The human body is far removed from the earliest life forms,
but we are still a collection of chemicals—dilute solutions of
dissolved and suspended molecules enclosed in compartments
with lipid-protein walls. Strong links between atoms, known as
chemical bonds, store and transfer energy to support life
functions. Weaker interactions between and within molecules
create distinctive molecular shapes and allow biological
molecules to interact reversibly with each other.

This chapter introduces some of the fundamental principles
of molecular interactions that you will encounter repeatedly in
your study of physiology. The human body is more than 50%
water, and because most of its molecules are dissolved in this
water, we will review the properties of aqueous solutions. If you
would like to refresh your understanding of the key features of
atoms, chemical bonds, and biomolecules, you will find a

LO 2.2.3 Define pH in words and mathematically, and explain
the differences between acids, bases, and buffers.

2.3 DProtein Interactions

LO 2.3.1
LO 2.3.2

List nine important functions of proteins in the body.
Explain the meanings of affinity, specificity, saturation,
and competition in protein-ligand binding.

Explain the different methods by which modulators
alter protein binding or protein activity.

LO 2.3.3

series of one- and two-page review features that encapsulate
biochemistry as it pertains to physiology. You can test your
knowledge of basic chemistry and biochemistry with a special
review quiz at the end of the chapter.

Running Problem 2.1: Chromium Supplements

“Lose weight while gaining muscle,” the ads promise. “Prevent
heart disease.” “Stabilize blood sugar.” What is this miracle sub-
stance? It’s chromium picolinate, a nutritional supplement being
marketed to consumers looking for a quick fix. Does it work,
though, and is it safe? Some athletes, like Malik—the star run-
ning back on the college football team—swear by it. Malik takes
500 micrograms of chromium picolinate daily. Many research-
ers, however, are skeptical and feel that the necessity for and
safety of chromium supplements have not been established.

2.1 Molecules and Bonds

There are more than 100 known elements on Earth, but only
three—oxygen, carbon, and hydrogen—make up more than 90%
of the body’s mass. These three plus eight additional elements are
considered major essential elements. Some additional minor essen-
tial elements (trace elements) are required in minute amounts, but
there is no universal agreement on which trace elements are essen-
tial for cell function in humans. The periodic table shows the
major and commonly accepted minor essential elements.

Most Biomolecules Contain
Carbon, Hydrogen, and Oxygen

Molecules that contain carbon are known as organic molecules,
because it was once thought that they all existed in or were derived
from plants and animals. Organic molecules associated with living
organisms are also called biomolecules. There are four major groups
of biomolecules: carbohydrates, lipids, proteins, and nucleotides.
The body uses carbohydrates, lipids, and proteins for energy
and as the building blocks of cellular components. The fourth
group, the nucleotides, includes DNA, RNA, ATP, and cyclic
AMP. DNA and RNA are the structural components of genetic



material. ATP (adenosine triphosphate) and related molecules
carry energy, while cyclic AMP (adenosine monophosphate;
cAMP) and related compounds regulate metabolism.

Each group of biomolecules has a characteristic composition
and molecular structure. Lipids are mostly carbon and hydrogen
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(FIG. 2.1). Carbohydrates are primarily carbon, hydrogen, and
oxygen, in the ratio CH,O (FIG. 2.2). Proteins and nucleotides
contain nitrogen in addition to carbon, hydrogen, and oxygen
(FIGS. 2.3 and 2.4). Two amino acids, the building blocks of pro-
teins, also contain sulfur.

Fig. 2.1 REVIEW Biochemistry of Lipids

REVIEW Biochemistry of Lipids

Lipids are biomolecules made mostly of carbon and hydrogen. Most lipids have a backbone
of glycerol and 1-3 fatty acids. An important characteristic of lipids is that they are nonpolar
and therefore not very soluble in water. Lipids can be divided into two broad categories.

= Fats are solid at room temperature. Most fats are derived from animal sources.

¢ Qils are liquid at room temperature. Most plant lipids are oils.

Fatty Acids Formation of Lipids

Fatty acids are long chains of carbon atoms bound to hydrogens, with
a carboxyl (-COOH) or “acid” group at one end of the chain.

Palmitic acid, a saturated fatty acid
HHHHHHH H HHHHH
I 1 LY ST L)) T S I [ [ e 2
H,6—C—C—C—C—C—C—C—C—C—C—C—C—C—0—C
[ O SRR R S e | N ey
HHHHHHUHUHUHMHUHMHHH

Saturated fatty acids have no double bonds between carbons, so they
are “saturated” with hydrogens. The more saturated a fatty acid is, the
more likely it is to be solid at room temperature.

Oleic acid, a monounsaturated fatty acid
HHHHHHHHHGHUHUHHHHH
AP 0 S O A O
B i 7 Ty i S
HHHHHHH HHHHHHH

Monounsaturated fatty acids have one double bond between two of
the carbons in the chain. For each double bond, the molecule has two
fewer hydrogen atoms attached to the carbon chain.

Linolenic acid, a polyunsaturated fatty acid
HHHHHHHHHHHHHHHH
I e e i (e T e

Hy€—C—C=C—C—C=C—C—G=C—C—C—C—C—C—C—G-C
| | | [ [ [ T IR “oH
H H H HHHHHHH

Polyunsaturated fatty acids have two or more double bonds between
carbons in the chain.

CH,OH Glycerol is a simple 3-carbon molecule
that makes up the backbone of most

HO —CH lipids.
(I:HZOH | Glycerol ‘ + l Fatty acid J

Glycerol plus one — -
fatty acid produces Monoglyceride ‘E
a monoglyceride. é

E

R

:
Glycerol plus two Diglyceride _
fatty acids produces o
a diglyceride. ¥

€

R =

:
Glycerol plus three Triglyceride
fatty acids produces G
a trlglyceﬂde b Fatty acid
(triacylglycerol). c
More than 90% of <
lipids are in the form o
of triglycerides. L)

Lipid-Related Molecules

In addition to true lipids, this category includes three types of lipid-related molecules.
Eicosanoids Steroids Phospholipids
Eicosanoids {eikosi, twenty} are Steroids are lipid- CHy H Phospholipids have 2 fatty acids
modified 20-carbon fatty acids with a related molecules | and a phosphate group (-HoPO,).
complete or partial carbon ring at one whose structure H—C—CH;—CH;—CH;—C—CH, Cholesterol and phospholipids are
end and two long carbon chain “tails.” includes four | important components of animal
: CHg
linked carbon H.C cell membranes.
rings. 3
P GOOH Cholesterol is the primary source
of steroids in the human body. ¢
HO Y
OH OH CH,0H £
Prostaglandin E, (PGE,) “ ] 5
L
Eicosanoids, such as thromboxanes,
leukotrienes, and prostaglandins, act as Phosphate
regulators of physiological functions. grcﬁ:p
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Fig. 2.2 REVIEW Biochemistry of Carbohydrates

REVIEW Biochemistry of Carbohydrates

Carbohydrates are the most abundant biomolecule. They get their name from their
structure, literally carbon {carbo-} with water {hydro-}. The general formula for a carbohy-
drate is (CH-0), or ChH2,0,, showing that for each carbon there are two hydrogens and
one oxygen. Carbohydrates can be divided into three categories: monosaccharides,
disaccharides, and complex glucose polymers called polysaccharides.

Monosaccharides

Monosaccharides are simple sugars. The most common monosaccharides are the building blocks
of complex carbohydrates and have either five carbons, like ribose, or six carbons, like glucose.

Five-Carbon Sugars (Pentoses)

Six-Carbon Sugars (Hexoses)

Ribose

HOCH; o

OH OH

CgH1005

.

. OH HOCH, o

Deoxyribose

OH

OH
CsH1004

Fructose Glucose (dextrose)

HOCH

OH

Galactose
HOCH,
HO

/" OH

OH Notice that the
only difference
between glucose

Forms the sugar-
phosphate
backbone of RNA

Forms the sugar-
phosphate backbone
of DNA

and galactose is
the spatial
arrangement of
the hydroxyl (~OH)
groups.

Disaccharides

[
H OH
Sucrose (table sugar) Maltose Lactose

(Gluc.ose' + Fructose) (Glucose + Glucose) (Ga]ac‘_losa + Glucosej
HOCH, HOCH, HOCH,

Disaccharides consist of glucose
plus another monosaccharide.

HOCH,
*In sherthand chemical notation, i

the carbons in the rings and their
associated hydrogen atoms are
not written out. Compare this
notation to the glucose structure in
the row above.

Polysaccharides

Polysaccharides are glucose
polymers. All living cells store —

Yeasts

glucose for energy in the form ' Animals Plants
of a polysaccharide. | | and bacteria
v v v 4
Chitin** Glycogen Cellulose** Starch Dextran
in invertebrate Humans cannot o
animals WOy, HRhe Hodng digest cellulose w’

and obtain its

o
¢ ‘lj energy, even
HOCH; HOCHp  HOGH: GHy ThOUgh it is the
most abundant

L f; ;’g
*@‘:3:3"' polgia:::;ﬁride i{':_ c:"x"! D{“’){’l

]\ Digestion of starch /

or glycogen yields
maltose.

Glucose
molecules

**Chitin and cellulose
are structural polysaccharides.

Get FULL Ebook order By email at palemonking@gmail.com or Telegram at https://t.me/meghareddy/



Molecular Interactions

35

Fig. 2.3 REVIEW Biochemistry of Proteins

REVIEW Biochemistry of Proteins

Proteins are polymers of smaller building-block molecules called amino acids.

All amino acids have a carboxyl group (-COOH), an amino group
(-NH,), and a hydrogen attached to the same carbon. The fourth
bond of the carbon attaches to a variable “R” group.

The nitrogen (N) in the amino group makes
proteins our major dietary source of nitrogen. J
HH&

The R groups differ in their size, shape, and
ability to form hydrogen bonds or ions. Because
of the different R groups, each amino acid
reacts with other molecules in a unique way.

Amino acid Amino acid
He B0 He ® o
N C C

n-e-cl

H@ou @OH

In a peptide bond, the
amino group of one amino

f_

™

I \\
H }ﬂ ‘T? I]i 5}11 40 acid joins the carboxy!
N-C=C—N-C-C group of the other, with
R “OH the loss of water.

H” - |
R @
Amino Acids in Natural Proteins

Twenty different amino acids commonly occur in natural proteins.
The human body can synthesize most of them, but at different
stages of life some amino acids must be obtained from diet and are
therefore considered essential amino acids. Some physiologically
important amino acids are listed below.
Three-Letter One-Letter

Amino Acid Abbreviation Symbol

Arginine Arg R

Aspartic acid (aspartate)” Asp D

Cysteine Cys C

Glutamic acid (glutamate)* Glu E

Glutamine Gin Q

Glycine Gly G

Tryptophan Trp W

Tyrosine Tyr Y.

*The suffix -ate indicates the anion form of the acid.

Note:

A few amino acids do not occur in proteins but have important
physiological functions.

* Homocysteine: a sulfur-containing amino acid that in excess
is associated with heart disease

* y-amino butyric acid (gamma-amino butyric acid) or GABA: a
chemical made by nerve cells

* Creatine: a molecule that stores energy when it binds to a
phosphate group

Structure of Peptides and Proteins

'Primary Structure

The 20 protein-forming amino acids assemble into polymers called
peptides. The sequence of amino acids in a peptide chain is called
the primary structure. Just as the 26 letters of our alphabet
combine to create different words, the 20 amino acids can create an
almost infinite number of combinations.

Peptides range in length from two to two million amino acids:
* Oligopeptide {oligo-, few}: 2-9 amino acids
* Polypeptide: 10-100 amino acids
* Proteins: >100 amino acids

CHHHH

Sequence of amino acids

Secondary Structure

Secondary structure
is created primarily
by hydrogen bonds
between adjacent
chains or loops.

Covalent bond angles between amino
acids determine secondary structure.

Tertiary Structure

Tertiary structure is the
protein’s three-dimensional
shape.

Fibrous proteins
{usually insoluble)
Collagen

proteins
(usually soluble)

Tertiary structures can be a mix of secondary
structures. Beta-sheets are shown as flat ribbon
arrows and alpha helices are shown as ribbon coils.

Quaternary Structure

Multiple subunits combine
with noncovalent bonds.
Hemoglobin molecules
are made from four
globular protein subunits.

Hemoglobin

Get FULL Ebook order By email at palemonking@gmail.com or Telegram at https://t.me/meghareddy/



36 Chapter 2

Fig. 2.4 REVIEW Nucleotides and Nucleic Acids

REVIEW Nucleotides and

Nucleotides are biomolecules that
play an important role in energy and
information transfer. Single nucleotides
include the energy-transferring com-
pounds ATP (adenosine triphosphate)
and ADP (adenosine diphosphate), as
well as cyclic AMP, a molecule

Nucleic Acids

Nucleotide

A nucleotide consists of (1) one or more phosphate
groups, (2) a 5-carbon sugar, and (3) a carbon-nitrogen
ring structure called a

nitrogenous base.

important in the transfer of signals Base
between cells. Nucleic acids (or Boaiiiad
nucleotide polymers) such as RNA ospate —
and DNA store and transmit genetic
information.
Sugar
HO OH
consists of
Purines Pyrimidines Ribose Deoxyribose
have a double ring structure. have a single ring. {de-, without; oxy-, oxygen}
E A HOCH, OH  HOCH, OH
NZ 6N NZ cH
| Il CH | il
HC -“\‘-NVC ~N / G C
H HO OH HO

'

| Adenine (3) | Guanine (@)

Adenosine

Single Nucleotide Molecules

» Adenine + Ribose =

Single nucleotide molecules have two critical functions in the human
body: (1) Capture and transfer energy in high-energy electrons or
phosphate bonds, and (2) aid in cell-to-cell communication.
Nuclaoﬁda consists of Base + Sugar + Phosphate Groups + Other Component Function
ATP = Adenine + Ribose + 3 phosphate groups
ADP = Adenine + Ribose + 2 phosphate groups
Energy capture and transfer
NAD = Adenine + 2Ribose + 2phosphate groups + Nicotinamide
FAD = Adenine + Ribose + 2 phosphate groups + Riboflavin
cAMP = Adenine + Ribose + 1 phosphate group Cell-to-cell communication
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Nucleic acids (nuclectide 5'end < The end of the strand with the
polymers) function in unbound phosphate is called
information storage and the 5' end.
transmission. The sugar of —
one nucleotide links to the uga
phosphate of the next, The ni
. 2 e nitrogenous bases extend
creating a chain of alternat- to the side of the chain.
ing sugar-phosphate
groups. The sugar—phos-
phate chains, or backbone,
are the same for every Phosphate
nucleic acid molecule. The end of the strand that has
Nucleotide chains form an unbound sugar is called the
strands of DNA and RNA. 3' (“three ptime”) end. P P——
=3 The 3' end of one
strand is bound to the
' 3'end 5' end of the second
l strand.
Nitrogenous
bases
KEY
p— /7 (A& Aderine E@
backbones
n Thymine @
(5 G i
Hydrogen (G ] Guanine
bonds
JCT] Cytosine
JO  Uracil
eeees Hydrogen .
bonds
o 3_.'_9!1'!1" Phosphate
5'end DNA strand 2 gar

DNA strand 1

RNA (ribonucleic acid) is a
single-strand nucleic acid
with ribose as the sugar in
the backbone, and four
bases—adenine, guanine,
cytosine, and uracil.

DNA (deoxyribonucleic acid) is a double helix, a
three-dimensional structure that forms when two
DNA strands link through hydrogen bonds
between complementary base pairs. Deoxyribose
is the sugar in the backbone, and the four bases
are adenine, guanine, cytosine, and thymine.

Base-Pairing Guanine-Cytosine Base Pair Adenine-Thymine Base Pair

Bases on one strand form hydrogen bonds with Mo P

bases on the adjoining strand. This bonding follows mq[ﬁr:zlﬁ;gy o

very specilic nules; e break the triple

* Because purines are larger than pyrimidines, space hydrogen bonds
limitations always pair a purine with a pyrimidine. of G&C than

* Guanine (G) forms three hydrogen bonds with the double
cytosine (C). - bonds of AzT

* Adenine (A) forms two hydrogen bonds with or AU

thymine (T) or uracil (U).

Get FULL Ebook order By email at palemonking@gmail.com or Telegram at https://t.me/meghareddy/



38 Chapter2

Not all biomolecules are pure protein, pure carbohydrate, or
pure lipid, however. Conjugated proteins are protein molecules
combined with another kind of biomolecule. For example, pro-
teins combine with lipids to form lipoproteins. Lipoproteins are
found in cell membranes and in the blood, where they act as carri-
ers for less soluble molecules, such as cholesterol.

Glycosylated molecules are molecules to which a carbohy-
drate has been attached. Proteins combined with carbohydrates
form glycoproteins. Lipids bound to carbohydrates become
glycolipids. Glycoproteins and glycolipids, like lipoproteins, are
important components of cell membranes [Fig. 3.2].

Many biomolecules are polymers, large molecules made up
of repeating units {poly-, many + -mer, a part}. For example,
glycogen and starch are both glucose polymers. They differ in the
way the glucose molecules attach to each other, as you can see at
the bottom of Figure 2.2.

Some combinations of elements, known as functional groups,
occur repeatedly in biological molecules. The atoms in a func-
tional group tend to move from molecule to molecule as a single
unit. For example, hydroxyl groups, —OH, common in many bio-
logical molecules, are added and removed as a group rather than
as single hydrogen or oxygen atoms. Amino groups, -NH,, are
the signature of amino acids. The phosphate group, —-H,PO,,
plays a role in many important cell processes, such as energy
transfer and protein regulation. Addition of a phosphate group is
called phosphorylation; removal of a phosphate group is
dephosphorylation.

The most common functional groups are listed in TABLE 2.1.

Table 2.1 Common Functional Groups

Notice that oxygen, with two electrons to share, sometimes forms a double
bond with another atom.

Shorthand Bond Structure
H
. .
Amino —NH, —N\
H
0]
Carboxyl (acid) —COOH —Cf
OH
Hydroxyl —OH —0—H
Cl)H
Phosphate —H,P0, —O—I|=‘=O
OH

Concept Check

1. List three major essential elements found in the human body.
2. What is the general formula of a carbohydrate?

3. What is the chemical formula of an amino group? Of a carboxyl
group?

Electrons Have Four Important
Biological Roles

An atom of any element has a unique combination of protons and
electrons that determines the element’s properties (FIG. 2.5). We
are particularly interested in the electrons because they play four
important roles in physiology:

1. Covalent bonds. The arrangement of electrons in the outer
energy level (shell) of an atom determines an element’s ability
to bind with other elements. Electrons shared between atoms
form strong covalent bonds that bind atoms together to form
molecules

2. Ions. If an atom or molecule gains or loses one or more elec-
trons, it acquires an electrical charge and becomes an ion.
Ions are the basis for electrical signaling in the body. Ions
may be single atoms, like the sodium ion Na* and chloride
ion Cl-. Other ions are combinations of atoms, such as the
bicarbonate ion HCO3. Important ions of the body are listed
in TABLE 2.2.

3. High-energy electrons. The electrons in certain atoms can
capture energy from their environment and transfer it to
other atoms. This allows the energy to be used for synthesis,
movement, and other life processes. The released energy may
also be emitted as radiation. For example, bioluminescence in
fireflies is visible light emitted by high-energy electrons
returning to their normal low-energy state.

4. Free radicals. Free radicals are unstable molecules with an
unpaired electron. They are thought to contribute to aging
and to the development of certain diseases, such as some can-
cers. Free radicals and high-energy electrons are discussed in
Chapter 23.

The role of electrons in molecular bond formation is dis-
cussed in the next section. There are four common bond types,
two strong and two weak. Covalent and ionic bonds are strong
bonds because they require significant amounts of energy to make
or break. Hydrogen bonds and van der Waals forces are weaker
bonds that require much less energy to break. Interactions
between molecules with different bond types are responsible for
energy use and transfer in metabolic reactions as well as a variety
of other reversible interactions.

Table 2.2 Important lons of the Body

Cations Anions

Na* Sodium CI~ Chioride

K* Potassium HCO4 Bicarbonate
CaZt Calcium HPOZ Phosphate
H* Hydrogen S04 Sulfate
Mg?* Magnesium
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Covalent Bonds between Atoms
Create Molecules

Molecules form when atoms share pairs of electrons, one electron
from each atom, to create covalent bonds. These strong bonds
require the input of energy to break them apart. It is possible to
predict how many covalent bonds an atom can form by knowing
how many unpaired electrons are in its outer shell, because an
atom is most stable when all of its electrons are paired (FIG. 2.6).
For example, a hydrogen atom has one unpaired electron and
one empty electron place in its outer shell. Because hydrogen has
only one electron to share, it always forms one covalent bond, rep-
resented by a single line (—) between atoms. Oxygen has six elec-
trons in an outer shell that can hold eight. That means oxygen can
form two covalent bonds and fill its outer shell with electrons. If
adjacent atoms share two pairs of electrons rather than just one
pair, a double bond, represented by a double line (=), results. If
two atoms share three pairs of electrons, they form a triple bond.

Running Problem 2.2

What is chromium picolinate? Chromium (Cr) is an essential
element that has been linked to normal glucose metabolism. In
the diet, chromium is found in brewer’s yeast, broccoli, mush-
rooms, and apples. Because chromium in food and in chro-
mium chloride supplements is poorly absorbed from the
digestive tract, a scientist developed and patented the com-
pound chromium picolinate. Picolinate, derived from amino
acids, enhances chromium uptake at the intestine. The recom-
mended adequate intake (Al) of chromium for men ages 19-50
is 35 pg/day. (For women, it is 25 png/day.) As we've seen,
Malik takes more than 10 times this amount.

Q1: Locate chromium on the periodic table of the elements.
What is chromium’s atomic number? Atomic mass? How many
electrons does one atom of chromium have?

Q2: Which elements close to chromium are also essential
elements?

Polar and Nonpolar Molecules

Some molecules develop regions of partial positive and negative
charge when the electron pairs in their covalent bonds are not
evenly shared between the linked atoms. When electrons are
shared unevenly, the atom(s) with the stronger attraction for elec-
trons develops a slight negative charge (indicated by ¢-), and the
atom(s) with the weaker attraction for electrons develops a slight
positive charge (61 ). These molecules are called polar molecules
because they can be said to have positive and negative ends, or
poles. Certain elements, particularly nitrogen and oxygen, have a
strong attraction for electrons and are often found in polar
molecules.

A good example of a polar molecule is water (H,O). The
larger and stronger oxygen atom pulls the hydrogen electrons
toward itself (Fig. 2.6b). This pull leaves the two hydrogen atoms
of the molecule with a partial positive charge, and the single
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oxygen atom with a partial negative charge from the unevenly
shared electrons. Note that the net charge for the entire water
molecule is zero. The polarity of water makes it a good solvent,
and all life as we know it is based on aqueous solutions, with
water as the solvent.

A nonpolar molecule is one whose shared electrons are dis-
tributed so evenly that there are no regions of partial positive or
negative charge. For example, molecules composed mostly of car-
bon and hydrogen, such as the fatty acid shown in Figure 2.6a,
tend to be nonpolar. This is because carbon does not attract elec-
trons as strongly as oxygen does. As a result, the carbons and
hydrogens share electrons evenly, and the molecule has no regions
of partial charge.

Noncovalent Bonds Facilitate
Reversible Interactions

Ionic bonds, hydrogen bonds, and van der Waals forces are nonco-
valent bonds. They play important roles in many physiological
processes, including pH, molecular shape, and the reversible
binding of molecules to each other.

Ionic Bonds

Ions form when one atom has such a strong attraction for elec-
trons that it pulls one or more electrons completely away from
another atom. For example, a chlorine atom needs only one elec-
tron to fill the last of eight places in its outer shell, so it pulls an
electron from a sodium atom, which has only one weakly held
electron in its outer shell (Fig. 2.6¢c). The atom that gains electrons
acquires one negative charge (—1) for each electron added, so the
chlorine atom becomes a chloride ion Cl-. Negatively charged
ions are called anions.

An atom that gives up electrons has one positive charge (+1)
for each electron lost. For example, the sodium atom becomes a
sodium ion Na*. Positively charged ions are called cations.

Ionic bonds, also known as electrostatic attractions, result from
the attraction between ions with opposite charges. (Remember the
basic principle of electricity that says that opposite charges attract
and like charges repel.) In a crystal of table salt, the solid form of
ionized NaCl, ionic bonds between alternating Na+ and Cl- ions
hold the ions in a neatly ordered structure.

Hydrogen Bonds

A hydrogen bond is a weak attractive force between a hydrogen
atom and a nearby oxygen, nitrogen, or fluorine atom. No elec-
trons are gained, lost, or shared in a hydrogen bond. Instead, the
oppositely charged regions in polar molecules are attracted to
each other. Hydrogen bonds may occur between atoms in neigh-
boring molecules or between atoms in different parts of the same
molecule. For example, one water molecule may hydrogen-bond
with as many as four other water molecules. As a result, the mol-
ecules line up with their neighbors in a somewhat ordered fashion
(Fig. 2.6d).

Hydrogen bonding between molecules is responsible for the
surface tension of water. Surface tension is the attractive force
between water molecules that causes water to form spherical
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Fig. 2.5 REVIEW Atoms and Molecules

REVIEW Atoms and Molecules

Elements are the simplest type of matter. There are over 100 known
elements,* but only three—oxygen, carbon, and hydrogen—make up more
than 90% of the body’s mass. These three plus eight additional elements
are major essential elements. An additional 19 minor essential elements are H, C, O, N, Na, Li, F, Cr, Mn, Fe, Co, Ni,

Major Essential Minor Essential

Elements Elements

. . . . Z Y, 1, Zr,N
required in trace amounts. The smallest particle of any element is an atom g"gélK’ Sanlrs m iy gﬁ Rh ba b,
{atomos, indivisible}. Atoms link by sharing electrons to form molecules. '
* A periodic table of the elements can be found inside the back cover of the book.
Helium (He) has two
protons and two

Protons: @ neutrons, so its atomic

determine number = 2, and its

the elgment Helium, He atomic mass = 4

(atomic number)

Protons + neutrons
in nucleus = atomic mass Molecules

Neutrons: O 4

determine ———

the isotope

2 or more atoms share
electrons to form Such as
Atoms

Electrons: ©

e form covalent bonds ) )

 create ions when gained in orbitals around

or lost the nucleus
e capture and store energy
e create free radicals Water (H,0)

Isotopes and lons

An atom that gains or
loses neutrons becomes an
isotope of the same element.

C

gains a
neutron

2H, Hydrogen isotope

loses an
electron

H, Hydrogen

H*, Hydrogen ion

An atom that gains or loses
electrons becomes an ion
of the same element.
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Carbohydrates

A

Monosaccharides [

¢
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o
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Lipoproteins

A

—>| Glycolipids

Lipids

Glycerol

| Monoglycerides |—>| Diglycerides |»

Triglycerides |»4| Lipids !—_

>| Fatty acids

Lipid-related
molecules

Oleic acid,
a fatty acid

—>| Phospholipids

Eicosanoids

Steroids

Nucleotides

> cAMP, cGMP

ATP, ADP,
FAD, NAD

RNA, DNA

molecule
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Fig. 2.6 REVIEW Molecular Bonds

REVIEW Molecular Bonds

When two or more atoms link by sharing electrons, they make units known as
molecules. The transfer of electrons from one atom to another or the sharing of
electrons by two atoms is a critical part of forming bonds, the links between atoms.

s (Covalent Bonds

Covalent bonds result when atoms share electrons.
These bonds require the most energy to make or break.

(a) Nonpolar Molecules

Nonpolar molecules have an even Fatty acid Hydrogen

distribution of electrons. For example,
molecules composed mostly of carbon
and hydrogen tend to be nonpolar.

(b) Polar Molecules
Bonds 5
Polar molecules have regions of
partial charge (&* or 7). The most

important example of a polar
molecule is water.

Carbon

Water molecule

Y
Positive pole

s Noncovalent Bonds

(c) lonic Bonds

lonic bonds are electrostatic attractions between ions. A common example is sodium chloride.

i c—0 Sodium ion (Na+ o
Sodium atom Chlorine atom L Chloride ion (CI™)
Sodium gives up its one weakly held electron The sodium and chioride ions both have stable outer shells
to chlorine, creating sodium and chloride ions, that are filled with electrons. Because of their opposite
Nat and CI-. charges, they are attracted to each other and, in the solid

state, the ionic bonds form a sodium chloride (NaCl) crystal.

{d) Hydrogen Bonds

Hydrogen bonds form between
a hydrogen atom and a nearby
oxygen, nitrogen, or fluorine
atom. So, for example, the
polar regions of adjacent

&

water molecules allow them Hydrogen s

to form hydrogen bonds with bonding e byl

one another. \ydrogen bonding
between water molecules
is responsible for the

surface tension of water.

(e) Van der Waals Forces

Van der Waals forces are weak, nonspecific attractions between atoms.
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droplets when falling or to bead up when spilled onto a nonabsor-
bent surface (Fig. 2.6d). The high cohesiveness {cohaesus, to cling
together} of water is due to hydrogen bonding and makes it diffi-
cult to stretch or deform, as you may have noticed in trying to
pick up a wet glass that is “stuck” to a slick table top by a thin film
of water. The surface tension of water influences lung function
(described in Chapter18).

Van der Waals Forces

Van der Waals forces are weak, nonspecific attractions between
the nucleus of any atom and the electrons of nearby atoms. Two
atoms that are weakly attracted to each other by van der Waals
forces move closer together until they are so close that their elec-
trons begin to repel one another. Consequently, van der Waals
forces allow atoms to pack closely together and occupy a mini-
mum amount of space. A single van der Waals attraction between
atoms is very weak.

Running Problem 2.3

One advertising claim for chromium is that it improves the trans-
fer of glucose—the simple sugar that cells use to fuel all their
activities—from the bloodstream into cells. In people with diabe-
tes mellitus, cells are unable to take up glucose from the blood
efficiently. It seemed logical, therefore, to test whether the addi-
tion of chromium to the diet would enhance glucose uptake in
people with diabetes. In one Chinese study, diabetic patients
receiving 500 micrograms (pg) of chromium picolinate twice a
day showed significant improvement in their glucose uptake,
but patients receiving 100 micrograms or a placebo did not.

Q3: /f people have a chromium deficiency, would you predict that
their blood glucose level would be lower or higher than normal?

Q4: From the results of the Chinese study, can you conclude that
all people with diabetes suffer from a chromium deficiency?

Concept Check

4. Are electrons in an atom or molecule most stable when they are
paired or unpaired?

5. When an atom of an element gains or loses one or more electrons,

it is called a(n) of that element.

6. Match each type of bond with its description:

(a) covalent bond 1. weak attractive force between
hydrogen and oxygen or
nitrogen

(b) ionic bond 2. formed when two atoms
share one or more pairs of
electrons

(c) hydrogen bond 3. weak attractive force between
atoms

(d) van der Waals force 4. formed when one atom loses
one or more electrons to a sec-

ond atom
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] 2.2 Noncovalent

Interactions

Many different kinds of noncovalent interactions can take place
between and within molecules as a result of the four different
types of bonds. For example, the charged, uncharged, or partially
charged nature of a molecule determines whether that molecule
can dissolve in water. Covalent and noncovalent bonds determine
molecular shape and function. Finally, noncovalent interactions
allow proteins to associate reversibly with other molecules, creat-
ing functional pairings such as enzymes and substrates, or signal
receptors and molecules.

Hydrophilic Interactions Create
Biological Solutions

Life as we know it is established on water-based, or aqueous,
solutions that resemble dilute seawater in their ionic composi-
tion. The adult human body is about 60% water. Na®, K+, and
Cl- are the main ions in body fluids, with other ions making up
a lesser proportion. All molecules and cell components are either
dissolved or suspended in these solutions. For these reasons, it is
useful to understand the properties of solutions, which are
reviewed in FIGURE 2.7.

The degree to which a molecule is able to dissolve in a
solvent is the molecule’s solubility: the more easily a molecule
dissolves, the higher its solubility. Water, the biological solvent, is
polar, so molecules that dissolve readily in water are polar or
ionic molecules whose positive and negative regions readily
interact with water. For example, if NaCl crystals are placed in
water, polar regions of the water molecules disrupt the ionic
bonds between sodium and chloride, which causes the crystals to
dissolve (FIG. 2.8a). Molecules that are soluble in water are said
to be hydrophilic {iydro-, water + -philic, loving}.

In contrast, molecules such as oils that do not dissolve well in
water are said to be hydrophobic {-phobic, hating}. Hydrophobic
substances are usually nonpolar molecules that cannot form
hydrogen bonds with water molecules. The lipids (fats and oils)
are the most hydrophobic group of biological molecules.

When placed in an aqueous solution, lipids do not dissolve.
Instead they separate into distinct layers. One familiar example is
salad oil floating on vinegar in a bottle of salad dressing. Before
hydrophobic molecules can dissolve in body fluids, they must
combine with a hydrophilic molecule that will carry them into
solution.

For example, cholesterol, a common animal fat, is a
hydrophobic molecule. Fat from a piece of meat dropped into a
glass of warm water will float to the top, undissolved. In the
blood, cholesterol will not dissolve unless it binds to special
water-soluble carrier molecules. You may know the combination
of cholesterol with its hydrophilic carriers as HDL-cholesterol
and LDL-cholesterol, the “good” and “bad” forms of cholesterol
associated with heart disease.

Some molecules, such as the phospholipids, have both polar
and nonpolar regions (Fig. 2.8b). This dual nature allows them to
associate both with each other (hydrophobic interactions) and
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Fig. 2.7 REVIEW Solutions

REVIEW Solutions @

Life as we know it is established on water-based, or agueous, solutions that resemble
dilute seawater in their ionic compaosition. The human body is 60% water. Sodium, , —
potassium, and chloride are the main ions in body fluids. All molecules and cell compo-
nents are either dissolved or suspended in these saline solutions. For these reasons,
the properties of solutions play a key role in the functioning of the human body.

Terminology

A solute is any substance that dissolves in a liquid. The degree to
which a molecule is able to dissolve in a solvent is the molecule’s
solubility. The more easily a solute dissolves, the higher its solubility.

A solvent is the liquid into which solutes dissolve. In biological
solutions, water is the universal solvent.

A solution is the combination of solutes dissolved in a solvent. The
concentration of a solution is the amount of solute per unit volume
of solution.

[ Concentration = solute amount/volume of solution

Expressions of Solute Amount o FIGURE QUESTIONS

1. What are the two
components of a solution?

2. The concentration of a
solution is expressed as:
(a) amount of solvent/volume

* Mass (weight) of the solute before it dissolves. Usually given in grams (g) or milligrams (mg).

* Molecular mass is calculated from the chemical formula of a molecule. This is the mass of one
molecule, expressed in atomic mass units (amu) or, more often, in daltons (Da), where 1 amu =1 Da.

of solute
atomic mass the number of atoms (b} amount of solute/volume
Molecular mass = SUM |  tomicmass - the number of ator ] of solvent
(c) amount of solvent/volume
of solution
(d) amount of solute/volume
of solution
L Example : ; 3. Calculate the molecular
What is the Answer mass.cf water; HyO.
molecular mass . 4. How much does a mole of
of glucose Element # of Atoms Atomic Mass of Element KCI weigh?
2
CH12067 Carbon 6 12.0amu x 6=72
Hydrogen 12 1.0amux12=12
Oxygen 6 16.0 amu %X 6 = 96

Molecular mass of glucose = 180 amu (or Da)

* Moles (moal) are an expression of the number of solute molecules, without regard for their weight.
One mole = 6.02 x 1023 atoms, ions, or molecules of a substance. One mole of a substance has the
same number of particles as one mole of any other substance, just as a dozen eggs has the same
number of items as a dozen roses.

* Gram molecular weight. In the laboratory, we use the molecular mass of a substance to measure
out moles. For example, one mole of glucose (with 6.02 x 1023 glucose molecules) has a molecular

mass of 180 Da and weighs 180 grams. The molecular mass of a substance expressed in grams is
called the gram molecular weight.

» Equivalents (Eq) are a unit used for ions, where 1 equivalent = molarity of the ion x the number of
charges the ion carries. The sodium ion, with its charge of +1, has one equivalent per mole. The
hydrogen phosphate ion (HPO42-) has two equivalents per mole, Concentrations of ions in the blood
are often reported in milliequivalents per liter (mEg/L).
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Expressions of Volume

Volume is usually expressed as liters (L) or milliliters (mL)
{milfi-, 1/1000}. A volume convention common in medicine is
the deciliter (dL), which is 1/10 of a liter, or 100 mL.

Prefixes

deci- (d) 1410 1x10™

milli- (m) 1/1000 1x10°

micro- () 1/1,000,000 1x10°

nano- (n) 1/1,000,000,000 1x10°

pico- (p) 1/1,000,000,000,000 1x10™2

Expressions of Concentration

* Percent solutions. In a laboratory or pharmacy, scientists cannot measure out solutes by the mole.

Instead, they use the more conventional measurement of weight. The solute concentration may
then be expressed as a percentage of the total solution, or percent solution. A 10% solution
means 10 parts of a solute per 100 parts of total solution. Weight/volume solutions, used for
solutes that are solids, are usually expressed as g/100 mL solution or mg/dL. An out-of-date way
of expressing mg/dL is mg% where % means per 100 parts or 100 mL. A concentration of 20
mg/dL could also be expressed as 20 mg%.

Example

Solutions used for Answer

intravenous (V)

infusions are often 5% solution = 5 g glucose dissolved in water to make a

expressed as percent final volume of 100 mL solution.

solutions. How would

you make 500 mL of 5 g glucose/100 mL = ? g/500 mL

a 5% dextrose ; : i

(glucose) solution? 25 g glucose with water added to give a final volume of
500 mL

* Molarity is the number of moles of solute in a liter of solution, and is abbreviated as either mol/L
or M. A one molar solution of glucose (1 mol/L, 1 M) contains 6.02 x 102* molecules of glucose
per liter of solution. It is made by dissolving one mole (180 grams) of glucose in enough water to
make one liter of solution. Typical biological solutions are so dilute that solute concentrations are
usually expressed as millimoles per liter (mmol/L or mM).

Example

What is the Answer

molarity of a

5% dext

s;}fuﬁgn?mse 5 g glucose/100 mL = 50 g glucose/1000 mL (or 1 L)

1 mole glucose = 180 g glucose
50 g/L x 1 mole/180 g = 0.278 moles/L or 278 mM

Molecular Interactions

Useful Conversions

¢ 1 liter of water weighs
1 kilogram (kg) {kilo-, 1000}

* 1 kilogram = 2.2 pounds

FIGURE QUESTIONS

5. Which solution is more
concentrated: a 100 mM
solution of glucose or a 0.1
M solution of glucose?

6. When making a 5% solution
of glucose, why don't you
measure out 5 grams of
glucose and add it to 100 mL
of water?
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Fig. 2.8 REVIEW Molecular Interactions

REVIEW Molecular Interactions ¢33

(a) Hydrophilic Interactions

Molecules that have polar

regions or ionic bonds readily N
interact with the polar regions

of water. This enables them

to dissolve easily in water.

N 7

Molecules that dissolve Hydration —
readily in water are said to be shells
hydrophilic {hydro-, water +
philos, loving}.
Glucose ——
molecule

Water molecules interact with
ions or other polar molecules to
form hydration shells around the
ions. This disrupts the hydrogen
bonding between water

Water @ o S

molecules, thereby lowering the MolRCINGS

freezing temperature of water 5 = =

(freezing point depression). \_Glucose molecule in solution

(b) Hydrophobic Interactions

Because they have an even Phospholipid molecules have polar heads and nonpolar tails. Phospholipids arrange themselves so that
distribution of electrons and the polar heads are in contact with water
no positive or negative poles, = and the nonpolar tails are directed away
nonpolar molecules have no from water.

regions of partial charge, and I Polar head —

therefore tend to repel water (hydrophilic)

molecules. Molecules like

these do not dissolve readily =3
in water and are said to be

hydrophobic {hydro-, water

20— Hydrophilic head

L Hydrophobic tails

+ phobos, fear}. Molecules Nonpolar XC—— Hydrophilic head
such as phospholipids have — fatty acid —

both polar and nonpolar tail .

regions that play critical roles (hydrophobic) ) L4 This characteristic allows the phospholipid
in biological systems and in — L molecules to form bilayers, the basis for
tmh: mitei;n of biological Molecular models Stylized model 2:?[:103;?% ?nigtlbranes that separate

(c) Molecular Shape

Covalent bond angles, ionic bonds, hydrogen
bonds, and van der Waals forces all interact to
create the distinctive shape of a

complex biomolecule. This
shape plays a critical role
in the molecule’s

function. bond
KEY
eeses  Hydrogen bonds or
van der Waals forces

+ = lonic bond

+i+
==

«8XSF Disulfide bond

:I lonic repulsion
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with polar water molecules (hydrophilic interactions). Phospho-
lipids are the primary component of biological membranes.

Concept Check

7. Which dissolve more easily in water, polar molecules or non-
polar molecules?

8. A molecule that dissolves easily is said to be hydro__ic.

9. Why does table salt (NaCl) dissolve in water?

Molecular Shape Is Related
to Molecular Function

A molecule’s shape is closely related to its function. Molecular
bonds—both covalent bonds and weak bonds—play a critical role
in determining molecular shape. The three-dimensional shape of a
molecule is difficult to show on paper, but many molecules have
characteristic shapes due to the angles of covalent bonds between
the atoms. For example, the two hydrogen atoms of the water
molecule shown in Figure 2.6b are attached to the oxygen with a
bond angle of 104.5°. Double bonds in long carbon chain fatty
acids cause the chains to kink or bend, as shown by the three-
dimensional model of oleic acid in Figure 2.5.

Weak noncovalent bonds also contribute to molecular shape.
The complex double helix of a DNA molecule, shown in Figure 2.4,
results both from covalent bonds between adjacent nitrogenous
bases in each strand and the hydrogen bonds connecting the two
strands of the helix.

Proteins have the most complex and varied shapes of all the
biomolecules. Their shapes are determined both by the sequence
of amino acids in the protein chain (the primary structure of a
protein) plus varied noncovalent interactions as long polypeptide
chains loop and fold back on themselves. The stable secondary
structures of proteins are formed by covalent bond angles
between amino acids in the polypeptide chain.

The two common protein secondary structures are the
a — helix (alpha-helix) spiral and the zigzag shape of
B — sheets (beta-sheet) (Fig. 2.3). Adjacent 3-strands in the poly-
peptide chain associate into sheetlike structures held together by
hydrogen bonding, shown as dotted lines (. . .) in Figure 2.3. The
sheet configuration is very stable and occurs in many proteins
destined for structural uses. Proteins with other functions may
have a mix of B-strands and a-helices. Protein secondary struc-
ture is illustrated by ribbon diagrams (or Richardson diagrams),
with beta-sheets shown as flat arrows and a-helices as ribbon
spirals (Fig. 2.3).

The tertiary structure of a protein is its three-dimensional
shape, created through spontaneous folding as the result of cova-
lent bonds and noncovalent interactions. Proteins are categorized
into two large groups based on their shape: globular and fibrous
(see Fig. 2.3). Globular proteins can be a mix of a-helices,
B-sheets, and amino acid chains that fold back on themselves. The
result is a complex tertiary structure that may contain pockets,
channels, or protruding knobs. The tertiary structure of globular
proteins arises partly from the angles of covalent bonds between

Molecular Interactions 47

amino acids and partly from hydrogen bonds, van der Waals
forces, and ionic bonds that stabilize the molecule’s shape.

In addition to covalent bonds between adjacent amino acids,
covalent disulfide bonds (5-S) play an important role in the
shape of many globular proteins (Fig. 2.8c). The amino acid cyste-
ine contains sulfur as part of a sulfhydryl group (—SH). Two cyste-
ines in different parts of the polypeptide chain can bond to each
other with a disulfide bond that pulls the sections of chain
together.

Fibrous proteins can be 3-strands or long chains of a-helices.
Fibrous proteins are usually insoluble in water and form important
structural components of cells and tissues. Examples of fibrous pro-
teins include collagen, found in many types of connective tissue,
such as skin, and keratin, found in hair and nails.

Hydrogen Ions in Solution Can
Alter Molecular Shape

Hydrogen bonding is an important part of molecular shape. How-
ever, free hydrogen ions, H, in solution can also participate in
hydrogen bonding and van der Waals forces. If free H* disrupts a
molecule’s noncovalent bonds, the molecule’s shape, or conformation,
can change. A change in shape may alter or destroy the molecule’s
ability to function.

Running Problem 2.4

Chromium is found in several ionic forms. The chromium usu-
ally found in biological systems and in dietary supplements is
the cation Cré+. This ion is called trivalent because it has a net
charge of +3. The hexavalent cation, Cré+, with a charge of +6,
is used in industry, such as in the manufacturing of stainless
steel and the chrome plating of metal parts.

Q5: How many electrons have been lost from the hexavalent ion
of chromium? From the trivalent ion?

The concentration of free H* in body fluids, or acidity, is mea-
sured in terms of pH. FIGURE 2.9 reviews the chemistry of pH
and shows a pH scale with the pH values of various substances.
The typical pH of blood in the human body is 7.40, slightly alka-
line. Regulation of the body’s pH within a narrow range is critical
because a blood pH more acidic than 7.00 (pH < 7.00) or more
alkaline than 7.70 (pH > 7.70) is incompatible with life.

Where do hydrogen ions in body fluids come from? Some of
them come from the separation of water molecules (H,0O) into H*+
and OH - ions. Others come from acids, molecules that release H+
when they dissolve in water (Fig. 2.9). Many of the molecules
made during metabolism are acids. For example, acid is made in
the body from CO, (carbon dioxide) and water.

CO, + H,0 = H* + HCO,"

Note that when the hydrogen is part of the water molecule, it
does not contribute to acidity. Only free H+ contributes to the hydro-
gen ion concentration.

We are constantly adding acid to the body through metabo-
lism, so how does the body maintain an acceptable pH? One
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Fig. 2.9 REVIEW pH

REVIEW pH

Acids and Bases

An acid is a molecule that
contributes H* to a solution.

* The carboxyl group, -COOH, is an
acid because in solution it tends to
lose its H*:

A base is a molecule that decreases the H* concentration

of a solution by combining with free H™.

* Molecules that produce hydroxide ions,
OH, in solution are bases because the
hydroxide combines with H* to form water:

* Another molecule that acts as a base is
ammonia, NHs. It reacts with a free H*
to form an ammonium ion:

LH-GOOH — R-COO~ +H* LH—DH — R*+OH" — OH™ +H* — H,0 LNH3+ H* — NH,*

pH

The concentration of H in body fluids is measured in terms of pH.

* The expression pH stands for “power of hydrogen.” Example

(1) | pH=-log[H] What is the pH of Answer
a solution whose "
hydrogen ion pH =—log [H*]
This equation is read as “pH is equal to the negative log concentration pH =-log [10]

of the hydrogen ion concentration.” Square brackets are
shorthand notation for “concentration” and by convention,
concentration is expressed in Eg/L.

H* is 1077 Eq/L?
] o Using the rule of logs,

this can be rewritten as
* Using the rule of logarithms that says -log x = log(1/x), pH =log (1/1077)
pH equation (1) can be rewritten as:

(2) | pH=log (1/[H])

goes up, the pH goes down.

This equation shows that pH is inversely related to H+
concentration. In other words, as the H+ concentration

Using the rule of exponents
that says 1/10%* = 10°%

pH =log 107

the log of 107 is 7, so
the solution has a pH of 7.

Pure water has a pH value of 7.0,
meaning its H* concentration

Acidic solutions have gained
H* from an acid and have a
pH less than 7.

The pH of a solution is measured on a
numeric scale between 0 and 14. The pH
scale is logarithmic, meaning that a change
in pH value of 1 unit indicates a 10-fold
change in [H*]. For example, if a solution
changes from pH 8 to pH 6, there has been

a 100-fold (102 or 10 x 10) increase in [H*].

The normal pH of blood in the
human body is 7.40. Homeostatic
regulation is critical because blood
pH less than 7.00 or greater than

7.70 is incompatible with life.

is1x107 M.
Lemon Tomatoes, Pancreatic Household
grapes secretions ammonia 1M NaOH
Stomach Vinegar, Urine Baking Soap Chemical
acid cola (4.5-7) Saliva soda solutions hair removers

| | | | |

| | | [T T 1 I |
3 4 5 6 65 7 778 85 9 10 11

Basic or alkaline solutions have an H*
concentration lower than that of pure water
and have a pH value greater than 7.

FIGURE QUESTIONS

1. When the body becomes more acidic,
does pH increase or decrease?

2. How can urine, stomach acid, and saliva
have pH values outside the pH range
that is compatible with life and yet be
part of the living body?
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answer is buffers. A buffer is any substance that moderates
changes in pH. Many buffers contain anions that have a strong
attraction for H+ molecules. When free H+ is added to a buffer
solution, the buffer’s anions bond to the H*, thereby minimizing
any change in pH.

The bicarbonate anion, HCO;, is an important buffer in the
human body. The following equation shows how a sodium
bicarbonate solution acts as a buffer when hydrochloric
acid (HCl) is added. When placed in plain water, hydrochloric
acid separates, or dissociates, into H* and Cl- and creates a
high H+ concentration (low pH). When HCI dissociates in a
sodium bicarbonate solution, however, some of the bicarbonate
ions combine with some of the H* to form undissociated car-
bonic acid. “Tying up” the added H* in this way keeps the free
H+ concentration of the solution from changing significantly
and minimizes the pH change.

H"+ G~ + HCO; +Na* = HG0; + CI + Nat
Hydrochloric Sodium . Carbonic Sodium chloride
acid bicarbonate  ~ acid (table salt)

Concept Check

10. To be classified as an acid, a molecule must do what when dis-
solved in water?

11. pH is an expression of the concentration of what in a solution?

12. When pH goes up, acidity goes

2.3 Protein Binding
Interactions

Noncovalent molecular interactions occur between proteins and
many different biomolecules. For example, biological membranes
are formed by the noncovalent associations of proteins and phos-
pholipids. And glycoproteins join glycolipids in cell membranes to
create a “sugar coat” on cell surfaces that assists cell aggregation
{aggregare, to join together} and adhesion {adhaerere, to stick]}.

Proteins play important roles in so many cell functions that
we can consider them the “workhorses” of the body. Most pro-
teins fall into nine broad categories:

1. Enzymes. Some proteins act as enzymes, biological catalysts
that speed up chemical reactions. Enzymes are crucial players
in metabolism and you will learn more about their properties
in Chapter 4.

2. Membrane transporters. Proteins in cell membranes help
substances move between the intracellular and extracellular
compartments. These proteins may form channels in the cell
membrane, or they may bind to ions and molecules and carry
them through the membrane. Membrane transporters are dis-
cussed in detail in Chapter 5.

3. Signal molecules. Some proteins and smaller peptides act as
hormones and other signal molecules. Signal molecules are
described in Chapters 6 and 8.
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4. Receptors. Proteins that bind signal molecules and initiate
cellular responses are called receptors. Receptors are discussed
along with signal molecules in Chapter 6.

5. Binding proteins. These proteins, found mostly in the extra-
cellular fluid, bind to and transport molecules throughout the
body. Examples you may be familiar with include cholesterol-
binding lipoproteins such as LDL (low-density lipoprotein)
and the oxygen-transporting protein hemoglobin found inside
red blood cells.

6. Immunoglobulins. These extracellular immune proteins,
also called antibodies, help protect the body from foreign
invaders and substances. Inmune functions are discussed in
Chapter 7.

7. Motor proteins. Motor proteins use energy from ATP to cre-
ate movement. Examples include myosin that plays a role in
muscle contraction, proteins that propel cilia and flagella, and
protein fibers inside cells that move organelles and help in
cell division.

®

Structural proteins. Fibrous proteins play an important role
in creating the shape and structure of cells, tissues, and
organs, as you will learn in Chapter 3. Some of the key struc-
tural proteins include collagen, keratin, and elastin.

9. Regulatory proteins. Regulatory proteins turn cell processes
on and off or up and down. For example, the regulatory pro-
teins known as franscription factors bind to DNA and alter
gene expression and protein synthesis. The details of regula-
tory proteins can be found in cell biology textbooks.

Although proteins are quite diverse in shape and function,
they share one common feature: they all bind to other molecules
through noncovalent interactions. The interaction takes place at a
location on the protein molecule called the binding site. The bind-
ing site depends on the three-dimensional shape of the protein,
and its properties can be altered or modulated by factors that affect
protein structure. The unique shapes of different binding sites
give rise to three important properties of protein binding that are
discussed below: specificity, affinity, and competition.

Running Problem 2.5

The hexavalent form of chromium used in industry is known to
be toxic to humans. In 1992, officials at California’s Hazard
Evaluation System and Information Service warned that inhal-
ing chromium dust, mist, or fumes placed chrome and stain-
less steel workers at increased risk for lung cancer. Officials
found no risk to the public from normal contact with chrome
surfaces or stainless steel. In 1995 and 2002, a possible link
between the biological trivalent form of chromium (Cr3+) and
cancer came from in vitro studies {vitrum, glass—that is, a test
tube} in which mammalian cells were kept alive in tissue cul-
ture. In these experiments, cells exposed to moderately high
levels of chromium picolinate developed potentially cancerous
changes." 2

Q6: From this information, can you conclude that hexavalent and
trivalent chromium are equally toxic?
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Any molecule or ion that binds to another molecule is called a
ligand {ligare, to bind or tie}. Ligands that bind to enzymes and
membrane transporters are usually called substrates {sub-,
below + stratum, a layer}. Proteins can also be ligands. Protein
signal molecules bind to receptors, and protein transcription fac-
tors bind to DNA. Immunoglobulins bind ligands called antigens,
but the immunoglobulin-antigen complex itself can then become a
ligand [Fig. 7.8].

Proteins Are Selective about
the Molecules They Bind

The ability of a protein to bind to a particular ligand or a group of
related ligands is called specificity. Some proteins are very specific
about the ligands they bind, while others bind to whole groups of
molecules. For example, the enzymes known as peptidases bind to
polypeptide ligands and break apart their peptide bonds, no mat-
ter which two amino acids are joined by those bonds. For this rea-
son the action of peptidases is not very specific. In contrast,
aminopeptidases also break peptide bonds but are more specific.
They will bind to only one end of a protein chain (the end with an
unbound amino group) and can act only on the last peptide bond
in the chain.

Ligand binding requires molecular complementarity. In
other words, the ligand and the protein binding site must be com-
plementary, or compatible. In protein binding, when the ligand
and protein come close to each other, noncovalent interactions
between the ligand and the protein’s binding site allow the two
molecules to bind. From studies of enzymes and other binding
proteins, scientists have discovered that a protein’s binding site
and the shape of its ligand do not need to fit one another exactly.
When the binding site and the ligand come close to each other,
they begin to interact through hydrogen and ionic bonds and van
der Waals forces. The protein’s binding site then changes shape
(conformation) to fit more closely to the ligand. This is known as
the induced-fit model of protein-ligand interaction and is shown
in FIGURE 2.10.

When one protein binds to several related ligands, the related
ligands that compete for the binding sites are said to be competitors.
Competition between ligands is a universal property of protein

Fig. 2.10 The induced-fit model of protein-ligand (L) binding

The induced-fit model of protein-ligand (L) binding

N, <R

= Binding sites

In this model of protein binding,
the binding site shape is not
an exact match to the
ligands’ (L) shape.

PROTEIN

binding. Competing ligands that mimic each other’s actions are
called agonists {agonist, contestant}. Agonists may occur in nature,
such as nicotine, the chemical found in tobacco, which mimics the
activity of the neurotransmitter acetylcholine by binding to the same
receptor protein. Agonists can also be synthesized using what scien-
tists learn from the study of protein-ligand binding sites.
Competing ligands that bind to the protein and block the
binding site without causing a response are antagonists, also
called inhibitors. Antagonists act like someone slipping into the
front of a box office line to chat with their friend, the cashier. They
are not interested in buying a ticket, but prevent the people wait-
ing in line from getting their tickets. The ability of agonist and
antagonist molecules to mimic or decrease the activity of naturally
occurring ligands has led to the development of many drugs.

Isoforms

Closely related proteins whose function is similar but whose affin-
ity for ligands differs are called isoforms of one another. For
example, the oxygen-transporting protein hemoglobin has multiple
isoforms. One hemoglobin molecule has a quaternary structure
consisting of four subunits (see Fig. 2.3). In the developing fetus,
the hemoglobin isoform has two « (alpha) chains and two ~
(gamma) chains that make up the four subunits. Shortly after
birth, fetal hemoglobin molecules are broken down and replaced
by adult hemoglobin. The adult hemoglobin isoform retains the
two a chain isoforms but has two  (beta) chains in place of the v
chains. Both adult and fetal isoforms of hemoglobin bind oxygen,
but the fetal isoform has a higher affinity for oxygen. This makes
it more efficient at picking up oxygen across the placenta.

Protein-Binding Reactions
Are Reversible

The degree to which a protein is attracted to a particular ligand is
called the protein’s affinity for the ligand. If a protein has a high
affinity for a given ligand, the protein is more likely to bind to that
ligand than to other ligands for which the protein has lower
affinity.

Protein binding to a ligand can be written using the same
notation that we use to represent chemical reactions:

P+ L =PL

where P is the protein, L is the ligand, and PL is the bound
protein-ligand complex. The double arrow indicates that binding
is reversible.

Reversible binding reactions reach a state of equilibrium,
where the rate of binding (P + L — PL) is exactly equal to the
rate of unbinding, or dissociation (P + L < PL) When a reaction
is at equilibrium, the ratio of the product concentration, or
protein-ligand complex [PL], to the reactant concentrations [P][L]
is always the same. This ratio is called the equilibrium constant
Keq, and it applies to all reversible chemical reactions:

[PL]
“ [PJL]

The square brackets [ ] around the letters indicate concentra-

tions of the protein, ligand, and protein-ligand complex.
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In protein-binding reactions, the equilibrium constant K is a
quantitative representation of the protein’s binding affinity for the
ligand: high affinity for the ligand means a larger Keq.3 If one pro-
tein binds to several related ligands, a comparison of their K, val-
ues tells us which ligand is more likely to bind to the protein.

Binding Reactions Obey the Law
of Mass Action

Reversible reactions at equilibrium have a constant ratio of bound
protein to free protein and ligand. However, equilibrium is not a
static state. In the living body, concentrations of protein or ligand
change constantly through synthesis, breakdown, or movement
from one compartment to another. So what restores equilibrium
when it is disturbed?

When the concentration of protein or ligand changes, the
reaction follows the law of mass action, which you may have
learned in chemistry as Le Chatelier’s principle. The law of mass
action says that reaction rates are proportional to the concentra-
tion of the reactants. If the concentration of one of the participants
changes, the reaction rates will increase or decrease to restore the
equilibrium condition.

An example of this is shown in FIGURE. 2.11, which begins with
a reaction at equilibrium (Fig 2.11a). The equilibrium is disturbed
when more protein or ligand is added to the system (Fig. 2.11b). Now
the ratio of [PL] to [P][L] differs from the K- In response, the rate of
the binding reaction increases to convert some of the added P or L
into the bound protein-ligand complex (Fig. 2.11c). As the ratio
approaches its equilibrium value again, the rate of the forward reac-
tion slows until finally the system reaches the equilibrium ratio once
more (Fig. 2.11d).[P], [L], and [PL] have all increased over their initial
values, but the equilibrium ratio has been restored.

One example of this principle at work is the transport of
steroid hormones in the blood. Steroids are hydrophobic, so more
than 99% of steroid hormone in the blood is bound to carrier pro-
teins. The equilibrium ratio [PL]/[P][L] is 99% bound:1% unbound
hormone. However, only the unbound or “free” hormone can
cross the cell membrane and enter cells. As unbound hormone
leaves the blood, the equilibrium ratio is disturbed. The binding
proteins then release some of the bound hormone until the 99:1
ratio is again restored. The same principle applies to enzymes and
metabolic reactions. Changing the concentration of one partici-
pant in a chemical reaction has a chain-reaction effect that alters
the concentrations of other participants in the reaction.

Concept Check

13. Consider the carbonic acid reaction, which is reversible:
CO, + H,0 = H,CO; = H* + HCO,
If the concentration of carbon dioxide in the body increases, what
happens to the pH?

14. Aresearcher is trying to design a drug to bind to a particular cell
receptor protein. Candidate molecule A has a K, of 0.9 for the
receptor. Molecule B has a K of 4.3. Which molecule has the
most potential to be successful as the drug?

Molecular Interactions 51

Fig. 2.11 The law of mass action
The law of mass action
The law of mass action says that when protein

binding is at equilibrium, the ratio of the bound
and unbound components remains constant.

(a) Reaction at equilibrium
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(b) Equilibrium disturbed

Add more P or L to system

(c) Reaction rate r; increases to convert some of the added
P or L into product PL.
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(d) Equilibrium is restored when [IE:'IEI].] = K., Once more.
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The ratio of bound to unbound
is always the same at equilibrium.

Running Problem 2.6

Malik has been taking chromium picolinate because he heard that
it would increase his strength and muscle mass. Then a friend told
him that the Food and Drug Administration (FDA) said there was
no evidence to show that chromium would help build muscle. In
one study,* a group of researchers gave high daily doses of
chromium picolinate to football players during a two-month train-
ing period. By the end of the study, the players who took chro-
mium supplements had not increased muscle mass or strength
any more than players who did not take the supplement.
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Use Google Scholar (http://scholar.google.com) and search
for chromium picolinate AND muscle. Look for articles on body
composition or muscle strength in humans before you answer
the next question.

Q7: Based on the papers you found, the Hallmark et al. study
(which did not support enhanced muscle development from
chromium supplements), and the studies that suggest that chro-
mium picolinate might cause cancer, do you think that Malik
should continue taking chromium picolinate?

Multiple Factors Alter Protein
Binding

A protein’s affinity for a ligand is not always constant. Chemical
and physical factors can alter, or modulate, binding affinity or can
even eliminate it totally. Some proteins must be activated before
they have a functional binding site. In this section we discuss
some of the processes that have evolved to allow activation, mod-
ulation, and inactivation of protein binding. TABLE 2.3 summa-
rizes the different types of activation and modulation.

Activation

Some proteins are synthesized in the cell in an inactive state.
Before these proteins can become active, enzymes must chop off
one or more portions of the protein molecule (FIG. 2.12a). Protein
hormones (a type of signal molecule) and enzymes are two groups
that commonly undergo such proteolytic activation {lysis, to release}.
The inactive forms of these proteins are often identified with the
prefix pro- {before}: prohormone, proenzyme, proinsulin, for

Table 2.3 Factors That Affect Protein Binding

Essential for Binding Activity

Cofactors Required for ligand binding at binding site

Proteclytic Converts inactive to active form by removing part

activation of molecule. Examples: digestive enzymes, protein
hormones

Modulators and Factors That Alter Binding or Activity

Competitive Competes directly with ligand by binding reversibly

inhibitor to active site

Irreversible Binds to binding site and cannot be displaced by

inhibitor competition

Allosteric Binds to protein away from binding site and changes

modulator activity; may be inhibitors or activators

Covalent Binds covalently to protein and changes its activity.

modulator Example: phosphate groups

pH and Alter three-dimensional shape of protein by disrupting

temperature hydrogen or S-S bonds; may be irreversible if protein
becomes denatured

example. Some inactive enzymes have the suffix -ogen added to
the name of the active enzyme instead, as in trypsinogen, the
inactive form of trypsin.

The activation of some proteins requires the presence of a
cofactor, which is an ion or small organic functional group. Cofac-
tors must attach to the protein before the binding site is able to
bind to a ligand (Fig. 2.12b). Ionic cofactors include Ca?*, Mg?2+,
and Fe?+. Many enzymes do not function without their cofactors.

Modulation

The ability of a protein to bind a ligand and initiate a response can
be altered by various factors, including temperature, pH, and mol-
ecules that interact with the protein. Chemical modulators are mol-
ecules that bind to proteins and alter their binding ability or their
activity. Chemical modulators can be classified in several ways:

¢ By whether they enhance or inhibit the protein’s activity,
¢ By whether their effect is reversible or irreversible,

¢ By where they bind to the protein (at the binding site or to
another part of the protein), and

¢ By how they bind to the protein (noncovalent interactions or
covalent bonds).

Inhibitors are chemical modulators that bind to a protein and
decrease or stop its activity. The action of inhibitors may be revers-
ible (competitive inhibitors) or irreversible (irreversible antago-
nists). Competitive inhibitors are reversible antagonists that
compete with the typical ligand for the binding site (Fig. 2.12d).
The degree of inhibition depends on the relative concentrations of
the competitive inhibitor and the customary ligand, as well as on
the protein’s affinities for the ligand and inhibitor. The binding of
competitive inhibitors is reversible: increasing the concentration
of the customary ligand can displace the competitive inhibitor
and decrease the inhibition.

Irreversible antagonists, on the other hand, bind tightly to the
protein and cannot be displaced by competition. Antagonist drugs
have proven useful for treating many conditions. For example,
tamoxifen, an estrogen receptor antagonist, is used in the treat-
ment of hormone-dependent cancers of the breast.

Allosteric modulators {allos, other + stereos, solid (as a
shape)} bind to a protein at a regulatory site away from the bind-
ing site, and by doing so change the shape of the binding site.
The effects of allosteric modulators may be reversible or irre-
versible. Allosteric inhibitors are antagonists that decrease the
affinity of the binding site for the ligand and inhibit protein
activity (Fig. 2.12e). Allosteric activators increase the probability
of protein-ligand binding and enhance protein activity
(Fig. 2.12c). For example, the oxygen-binding ability of hemoglo-
bin changes with allosteric modulation by carbon dioxide, H*
and several other factors [Fig. 19.9].

Covalent modulators are atoms or functional groups that
bind covalently to proteins and alter the proteins’ properties. Like
allosteric modulators, covalent modulators may either increase or
decrease a protein’s binding ability or its activity. One of the most
common covalent modulators is the phosphate group. Many pro-
teins in the cell are activated or inactivated when a phosphate
group forms a covalent bond with them, a process known as
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Fig. 2.12 ESSENTIALS Protein Activation and Inhibition
ESSENTIALS Protein Activation and Inhibition

(a) Proteolytic activation: Protein is inactive until peptide fragments are removed.

Peptide fragments
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Inactive protein Active protein
(b) Cofactors are required for an active binding site. (c) Allosteric activator is a modulator that binds to protein

away from binding site and turns it on.
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at the binding site. ‘away from binding site and inactivates the binding site.
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phosphorylation. Phosphorylation can be reversed by enzymes that
break the covalent bond.

One of the best known covalent inhibitor drugs is the antibi-
otic penicillin. Alexander Fleming discovered this compound in
1928, when he noticed that Penicillium mold inhibited bacterial
growth in a petri dish. By 1938, researchers had extracted the
active ingredient penicillin from the mold and used it to treat
infections in humans. But it was not until 1965 that researchers
figured out exactly how the antibiotic works. Penicillin is an irre-
versible antagonist that binds covalently to a key bacterial protein
by mimicking the normal ligand. Because penicillin forms
unbreakable bonds with the protein, the protein is irreversibly
inhibited. Without the protein, the bacterium is unable to make a
rigid cell wall. Without a rigid cell wall, the bacterium swells, rup-
tures, and dies.

Physical Factors

Physical conditions such as temperature and pH (acidity) can
have dramatic effects on protein structure and function. Small
changes in pH or temperature act as modulators to increase or
decrease the activity of proteins such as enzymes (FIG. 2.13a).
However, once these physical factors exceed some critical value,
they disrupt the noncovalent bonds holding the protein in its ter-
tiary conformation. The protein loses its shape and, along with
that, its activity. When the protein loses its conformation, it is said
to be denatured.

If you have ever fried an egg, you have watched this trans-
formation happen to the egg white proteins as they change
from a slithery clear state to a firm white state. Hydrogen ions
in high enough concentration to be called acids have a similar
effect on protein structure. During preparation of ceviche, a
popular dish in several Latin American countries, raw fish is
marinated in lime juice. The acidic lime juice contains hydro-
gen ions that disrupt hydrogen bonds in the muscle proteins of
the fish, causing the proteins to become denatured. As a result,
the meat becomes firmer and opaque, just as it would if it were
cooked with heat.

In a few cases, protein activity can be restored if the origi-
nal temperature or pH returns. The protein then resumes its
original shape as if nothing had happened. Usually, however,
denaturation produces a permanent loss of activity. There is
certainly no way to unfry an egg or uncook a piece of fish. The
potentially disastrous influence of temperature and pH on pro-
teins is one reason these variables are so closely regulated by
the body.

Concept Check

15. Match each chemical to its action(s).

(a) Allosteric modulator 1. Bind away from the
binding site

(b) Competitive inhibitor 2. Bind to the binding site

(c) Covalent modulator 3. Inhibit activity only

4. Inhibit or enhance activity

The Body Regulates the Amount
of Protein in Cells

The final characteristic of proteins in the human body is that the
amount of a given protein varies over time, often in a regulated
fashion. The body has mechanisms that enable it to monitor
whether it needs more or less of certain proteins. Complex signal-
ing pathways, many of which themselves involve proteins, direct
particular cells to make new proteins or to break down (degrade)
existing proteins. This programmed production of new proteins
(receptors, enzymes, and membrane transporters, in particular) is
called up-regulation. Conversely, the programmed removal of
proteins is called down-regulation. In both instances, the cell is
directed to make or remove proteins to alter its response.

The amount of protein present in a cell has a direct influence
on the magnitude of the cell’s response. For example, the graph in
Figure 2.13b shows the results of an experiment in which the
amount of ligand is held constant while the amount of protein is
varied. As the graph shows, an increase in the amount of protein
present causes an increase in the response.

As an analogy, think of the checkout lines in a supermarket.
Imagine that each cashier is an enzyme, the waiting customers are
ligand molecules, and people leaving the store with their pur-
chases are products. One hundred customers can be checked out
faster when there are 25 lines open than when there are only 10
lines. Likewise, in an enzymatic reaction, the presence of more
protein molecules (enzyme) means that more binding sites are
available to interact with the ligand molecules. As a result, the
ligands are converted to products more rapidly.

Regulating protein concentration is an important strategy
that cells use to control their physiological processes. Cells alter
the amount of a protein by influencing both its synthesis and its
breakdown. If protein synthesis exceeds breakdown, protein accu-
mulates and the reaction rate increases. If protein breakdown
exceeds synthesis, the amount of protein decreases, as does the
reaction rate. Even when the amount of protein is constant, there
is still a steady turnover of protein molecules.

Reaction Rate Can Reach a
Maximum

If the concentration of a protein in a cell is constant, then the con-
centration of the ligand determines the magnitude of the response.
Fewer ligands activate fewer proteins, and the response is low. As
ligand concentrations increase, so does the magnitude of the
response, up to a maximum where all protein binding sites are
occupied.

Figure 2.13c shows the results of a typical experiment in
which the protein concentration is constant but the concentra-
tion of ligand varies. At low ligand concentrations, the response
rate is directly proportional to the ligand concentration. Once
the concentration of ligand molecules exceeds a certain level, the
protein molecules have no more free binding sites. The proteins
are fully occupied, and the rate reaches a maximum value. This
condition is known as saturation. Saturation applies to enzymes,
membrane transporters, receptors, binding proteins, and
immunoglobulins.
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Fig. 2.13 ESSENTIALS Factors That Influence Protein Activity

ESSENTIALS Factors that Influence Protein Activity
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An analogy to saturation appeared in the early days of televi-
sion on the I Love Lucy show and can be viewed today by searching
YouTube (https:/ /www.youtube.com/watch?v=AnHiAWIrYQc).
Lucille Ball’s character was working at the conveyor belt of a candy
factory, wrapping chocolates to go into a candy box. Initially, the
belt moved slowly, and she had no difficulty wrapping the candy.
Gradually, the belt brought candy to her more rapidly, and she had
to increase her wrapping speed to keep up. Finally, the belt brought
candy to her so fast that she could not wrap it all because she was
working at her maximum rate. That was Lucy’s saturation point.

In conclusion, you have now learned about the important
and nearly universal properties of proteins: shape-function

relationships, ligand binding, specificity, competition,
activation/inhibition, and saturation. You will revisit these
concepts many times as you work through the organ systems of
the body.

Concept Check

16. What happens to the rate of an enzymatic reaction as the amount
of enzyme present decreases?

17. What happens to the rate of an enzymatic reaction when the
enzyme has reached saturation?

Running Problem 2.7 Conclusion: Chromium Supplements

In this running problem, you learned that claims of chromium
picolinate’s ability to enhance muscle mass have not been sup-
ported by evidence from controlled scientific experiments. You
also learned that studies suggest that the biological trivalent form
of chromium may damage cells. In 2022 the NIH Chromium Fact

Question Facts

Q1: What is chromium’s atomic number? Atomic

Sheet for Health Professionals® says evidence indicates chro-
mium may not be an essential nutrient as previously believed and
there is insufficient research at this time to support its use as a
nutritional supplement. Now compare your answers with those in
the summary table.

Integration and Analysis

Reading from the table, chromium (Cr) has an atomic  The atomic number of chromium is 24; therefore,
mass? How many electrons does one atom of  number of 24 and an average atomic mass of 52.

one atom of chromium has 24 protons and 24

chromium have? Atomic number is the number of protons in one electrons.
atom. An atom has equal numbers of protons and
electrons.
Q2: Which elements close to chromium are also Molybdenum, manganese, and iron. N/A

essential elements?

Q3: If people have chromium deficiency, would you  Chromium helps move glucose from blood into cells.  If chromium is absent or lacking, less glucose would

predict that their blood glucose level would be
lower or higher than normal?

leave the blood and blood glucose would be higher
than normal.

Q4: From the result of the Chinese study, can you  Higher doses of chromium supplements lowered
elevated blood glucose levels, but lower doses have  presented to draw a conclusion about the role of
no effect. This is only one study, and no information

conclude that alf people with diabetes suffer
from chromium deficiency?

We have insufficient evidence from the information

chromium deficiency in diabetes.

is given about similar studies elsewhere.

Q5: How many electrons have been lost from
the hexavalent ion of chromium? From the
trivalent ion? ion.

For each electron lost from an ion, a positively
charged proton is left behind in the nucleus of the

The hexavalent ion of chromium, Cr®*, has six
unmatched protons and therefore has lost six
electrons. The trivalent ion, Cr®*, has lost three
electrons.

Q6:

From this information, can you conclude that

The hexavalent form is used in industry and, when

Although the toxicity of Cr%* is well established, the

hexavalent and trivalent chromium are equally  inhaled, has been linked to an increased risk of lung toxicity of Cr** has not been conclusively deter-

toxic? cancer. Enough studies have shown an association

mined. Studies performed on cells in vitro may not

that California’s Hazard Evaluation System and Infor-  be applicable to humans. Additional studies need to

mation Service has issued warnings to chromium
workers. Evidence to date for toxicity of trivalent

be performed in which animals are given reasonable
doses of chromium picolinate for an extended period

chromium in chromium picolinate comes from of time.
studies done on isolated cells in tissue culture.

Q7: Based on the study that did not support
enhanced muscle development from
chromium supplements and the studies that

No research evidence supports a role for chromium
picolinate in increasing muscle mass or strength in
humans. Other research suggests that chromium

The evidence presented suggests that for Malik,
there is no benefit from taking chromium picolinate,
and there may be risks. Using risk-benefit analysis,

suggest that chromium picolinate might cause  picolinate may cause cancerous changes in isolated  the evidence supports stopping the supplements.

cancer, do you think Malik should continue cells.
taking picolinate?

However, the decision is Malik’s personal respon-
sibility. He should keep himself informed of new
developments that would change the risk-benefit
analysis.
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Chemistry Review Quiz

Use this quiz to see what areas of chemistry and basic biochemis-
try you might need to review. The title above each set of questions
refers to a review figure on this topic. Answers are in Appendix A.

Atoms and Molecules (Fig. 2.5)

Match each subatomic particle in the left column with all the
phrases in the right column that describe it. A phrase may be used
more than once.

1. electron (a) one has atomic mass of 1 amu
2. neutron (b) found in the nucleus
3. proton (c) negatively charged

(d) changing the number of these in an atom creates
a new element

(e} adding or losing these makes an atom into an ion

(f) gain or loss of these makes an isotope of the same
element

() determine(s) an element’s atomic number

(h) contribute(s) to an element’s atomic mass

4. Isotopes of an element have the same number of
and , but differ in their number of __

Unstable isotopes emit energy called

5. Name the element associated with each of these symbols:
C,O, N, and H.

6. Write the one- or two-letter symbol for each of these elements:
phosphorus, potassium, sodium, sulfur, calcium, and chlorine.

7. Use the periodic table of the elements to answer the following
questions:

(a) Which element has 30 protons?

(b) How many electrons are in one atom of calcium?

() Find the atomic number and average atomic mass of iodine.
(d) What is the letter symbol for iodine?

8. A magnesium ion, Mg?2*, has (gained/lost) two (protons/
neutrons/ electrons).

9. HT is also called a proton. Why is it given that name?

10. Use the periodic table of the elements to answer the following
questions about an atom of sodium.

(a) How many electrons does the atom have?
(b) What is the electrical charge of the atom?
(¢) How many neutrons does the average atom have?

(d) If this atom loses one electron, it would be called a(n)
anion/cation.

(e) What would be the electrical charge of the substance
formed in (d)?

(f) Write the chemical symbol for the ion referred to in (d).

(g) What does the sodium atom become if it loses a proton
from its nucleus?

(h) Write the chemical symbol for the atom referred to in (g).

11.

Write the chemical formulas for each molecule depicted.
Calculate the molecular weight of each molecule.

@  HOCH, (b) 0=C=0

S S
RSN g
H CHz;H NH, CH,

Lipids (Fig. 2.1)

12. Match each lipid with its best description.

{a} triglyceride 1. most common foem of lipid in the body
{b} cicosanoid 2. biquid at yoom temperature, usnally from plans{
{c) steroid 3. impaortant component of cell membrane
{dh oil 4. structure composed of carbon rings

{¢) phospholipids | 5. modified 20-carhon fatty acid

13. Use the chemical formulas given to decide which of the fol-

lowing fatty acids is most unsaturated:
@ CysH30,C5H;50,

(b) C,sHs,0,

(@ CHj0,

Carbohydrates (Fig. 2.2)

14. Match each carbohydrate with its description.

{a) starch 1. monosaccharide

(b) chitin 2. disaccharide, found in milk

(c) glucose 3. storage form of glucose for animals

(d) lactose 4. storage form of glucose for plants

(e) glycogen 3. structural polysaccharide of invertcbrates

Proteins (Fig. 2.3)

15. Match these terms pertaining to proteins and amino acids:

(a) the building blocks of proteins 1. essential amino acids

(b) must be included in our diet . primary structure

2
(c) protein catalysts that speed the rate | 3. amino acids
of chemical reactions 4

. globular proteins
(d) sequence of amino acids in a protein | 5. enzymes
(e} protein chains folded into a ball- 6. tertiary structure

shaped structure

7. fibrous proteins
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16. What aspect of protein structure allows proteins to have more Nucleotides (F|g 2.4)
versatility than lipids or carbohydrates?

17. Peptide bonds form when the __
acid joins the __ of another amino acid. 19. Compare the structure of DNA with that of RNA.

20. Distinguish between purines and pyrimidines.

group of one amino 18. List the three components of a nucleotide.

] Chapter Summary

This chapter has focused on the core concept of molecular interactions.
Key ideas that will occur repeatediy in your study of physiology include:
‘j * The four main classes of biomolecules, their building
blocks and variations. Fig.2.1-2.4
* Key elements, functional groups, and ions. Thl. 2.1, 2.2, Fig. 2.5
» The importance of noncovalent interactions in
molecular shape and solubility. Fig.2.6,2.8
= Solutions and how to express concentration. Fig. 2.7
» Acids, bases, and pH Fig. 2.9
¢ The importance of protein binding interactions that
play a role in nearly every physiological process. Fig. 2.8, 2.10
Atoms and Molecules
Atoms of an
element
|
Consist of
Y ¥ ¥
Electron functions include: —» Electrons © Protons (@ Neutrons ()
= Covalent bonds | [
« lonic bonds ‘
» Energy capture Gain or loss of Gain or loss of Gain or loss of
« Free radicals these makes these makes these makes
lons A different An isotope of the
element same element

Atomic number = number of protons
Atomic mass = number of protons + neutrons
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Functional Categories of Proteins

¢ Enzymes e Structural proteins
* Membrane transporters e Regulatory proteins
» Signal molecules
* Receptors

« Binding proteins

¢ Immunoglobulins

* Molecular motors

Protein Binding Interactions

Proteins (P) bind to Ligands (L) Protein binding demonstrates:
P+L=—PL

= Specificity and affinity for ligands
« Isoforms of proteins

» Competition for the binding site
« From agonists
» From antagonists (competitive inhibitors)

» Modulation Fig. 2.12,2.13
« Activate, enhance, or inhibit
« Reversible or irreversible
« Noncovalent interaction or covalent bonding
« At binding site or allosteric
« Molecular or temperature, pH

kim0t wss etion Fig. 2,11

E!inding

L] PL.
“En PIL o, [P

)\ inactive |
~ protein.

Rate of reaction in _ Rate of reaction in
forward direction (ry) — reverse direction (r;)

At equilibrium

Allosteric
inhibitor

Equilibrium Constant Ko,
_ [P
Kea = I

Larger Keq means higher affinity
of the protein for the ligand.
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Links to Resources

DM Stearns et al. Chromium(III) picolinate produces
chromosome damage in Chinese hamster ovary cells. FASEB
] 9:1643-1648, 1995. https://doi.org/10.1096/fasebj.9.15.8529845

’DM Stearns et al. Chromium(III) tris(picolinate) is mutagenic at
the hypoxanthine (guanine) phosphoribosyltransferase locus
in Chinese hamster ovary cells. Mutat Res Genet Toxicol
Environ Mutagen 513: 135-142, 2002.https://doi.org/10.1016/
51383-5718(01)00301-1

3The reciprocal of the equilibrium constant is called the
dissociation constant (K ).

Alarge K ; indicates low binding affinity of the protein for the
ligand, with more P and L. remaining in the unbound state.
Conversely, a small K ; indicates higher protein affinity for
the ligand.

*MA Hallmark et al. Effects of chromium and resistive training on
muscle strength and body composition. Med Sci Sports Exerc
28(1):139-144,1996. https://doi.org/10.1097/00005768-199601000-
00025

National Institutes of Health (NTH) Office of Dietary
Supplements (ODS). Chromium: Fact sheet for health
professionals. 2022. https://ods.od.nih.gov/factsheets/
Chromium-HealthProfessional/

Review Questions

In addition to working through these questions and checking
your answers, review the Learning Outcomes at the beginning of
this chapter.

Level One Reviewing Facts and Terms

1. List the four kinds of biomolecules. Give an example of each
kind that is relevant to physiology.

2. True or false? All organic molecules are biomolecules.

3. When atoms bind tightly to one another, such as H,O or O,,
one unit is called a(n)

4. An atom of carbon has four unpaired electrons in an outer
shell with space for eight electrons. How many covalent
bonds will one carbon atom form with other atoms?

5. Fill in the blanks with the correct bond type.

Ina(n) ______ bond, electrons are shared between atoms. If

the electrons are attracted more strongly to one atom than to

the other, the molecule is said to be a(n) molecule. If

the electrons are evenly shared, the molecule is said to be a(n)
molecule.

6. Name two elements whose presence contributes to a mole-
cule becoming a polar molecule.

7. Based on what you know from experience about the tendency
of the following substances to dissolve in water, predict
whether they are polar or nonpolar molecules: table sugar,
vegetable oil.

8. A negatively charged ion is called a(n) ______, and a posi-
tively charged ion is called a(n)

9. Define the pH of a solution. If pH is less than 7, the solution is
; if pH is greater than 7, the solution is

10. A molecule that moderates changes in pH is called a

11. Proteins combined with fats are called
combined with carbohydrates are called

, and proteins

12. A molecule that binds to another molecule is called a(n)

13. Match these definitions with their terms (not all terms are

used):
{a) the ability of a protein to bind 1. irveversible inhibition
one molecule bt not another 9. induced fit
{b; the part of a protein molecuk: 3. binding si
that binds the ligand " ""'di'f': site
{c) the ability of a protein to alter - specticity
shape as it hinds a ligand 3. saturation

14. Anion, such as Ca?* or Mg?2*, that must be present in order
for an enzyme to work is called a(n)

15. A protein whose structure is altered to the point that its activity
is destroyed is said to be

Level Two Reviewing Concepts

16. Mapping exercise: Make the list of terms into a map describ-
ing solutions.

® concentration * nonpolar molecule
* equivalent * polar molecule

* hydrogen bond * solubility

* hydrophilic ® solute

* hydrophobic * solvent

* molarity * water

* mole

17. Asolution in which[H*] = 10-3 M is (acidic/basic), whereas
a solution in which [H*] = 10-1° M is (acidic/basic). Give

the pH for each of these solutions.

18. Name three nucleotides or nucleic acids, and tell why each
one is important.

19. You know that two soluble proteins are isoforms of each
other. What can you predict about their structures, functions,
and affinities for ligands?
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20.

You have been asked to design some drugs for the purposes
described next. Choose the desirable characteristic(s) for each
drug from the numbered list.

{a) Drug A must bind to an enzyme 1. antagonist

and enhance its activity. . competitive inhibitor

2
(b) Drug B should mimic the activity 3

. . . agonist
of a normal nervous system signal

fholeciile . allosteric activator

+
() Drug C should block the activity 5. covalent modulator
of a membrane receptor protein.

Level Three Problem Solving

21.

22,

You have been summoned to assist with the autopsy of an
alien being whose remains have been brought to your lab.
The chemical analysis returns with 33% C, 40% O, 4% H,
14% N, and 9% P. From this information, you conclude that
the cells contain nucleotides, possibly even DNA or RNA.
Your assistant is demanding that you tell him how you knew
this. What do you tell him?

The harder a cell works, the more CO, it produces. CO, is
carried in the blood according to the following equation:

CO, + H,0 = H* + HCO;

What effect does hard work by your muscle cells have on the
pH of the blood?

Level Four Quantitative Problems

23. Calculate the amount of NaCl you would weigh out to make

one liter of 0.9% NaCl. Explain how you would make a liter
of this solution.

24.

25.

26.

Molecular Interactions 61

A1.0 M NaCl solution contains 58.5 g of salt per liter.

a. How many molecules of NaCl are present in 1 L of this
solution?

b. How many millimoles of NaCl are present?
c¢. How many equivalents of Na* are present?
d. Express 58.5 g of NaCl per liter as a percent solution.

How would you make 200 mL of a 10% glucose solution?
Calculate the molarity of this solution. How many millimoles
of glucose are present in 500 mL of this solution? (Hint: What
is the molecular mass of glucose?)

The graph shown below represents the binding of oxygen
molecules (O,) to two different proteins, myoglobin and
hemoglobin, over a range of oxygen concentrations. Based on
the graph, which protein has the higher affinity for oxygen?
Explain your reasoning.

100 —

y
/7

80 3
\53\

° Y
g &
Kel
c &
5] vl
S 40
% /
ks
X

o

I
0 20 40 60 80 100

Oxygen concentration
(mm mercury)

Answers to Concept Checks, Figure and Graph Questions, and
end-of-chapter Review Questions can be found in Appendix A.
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Compartmentation: Cells and Tissues

Colored electron micrograph of liver organelles

Cells are organisms, and entire animals and plants are aggregates of these organisms.

Theodor Schwann, 1839

This chapter focuses on the core concept of compartmentation. The human body has functional compartments at all levels of organization,
from the large body cavities like the abdomen to nearly invisible compartments within cells. Compartments serve a vital function by
allowing physiological and biochemical processes to be separated in space.

Compartmentation

62
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§ Quick Reference Pearson
eTextbook Integrated
Media

Chapter 1 Introduction to Physiology
Module 1.3

¢ Bioflix: Homeostasis: Regulating Blood Sugar

Chapter 3 Compartmentation: Cells and Tissues
Module 3.3

¢ Bioflix: Tour of an animal cell

Chapter 4 Energy and Cellular Metabolism
Module 4.4

¢ Bioflix: Electron Transport System
¢ Bioflix: Protein Synthesis

Chapter 5 Membrane Dynamics

Module 5.1
¢ Physiology in Action: Osmolarity and Tonicity

Module 5.2
e A&P Flix: Membrane Transport

Module 5.7
¢ Physiology in Action: Membrane Potential
¢ A&P Flix: Resting Membrane Potential

Chapter 5 Links to Resources

¢ Interactive Physiology Animation: Introduction to Body Fluids

Chapter 7 The Immune System
Module 7.1

* Microbiology Animation: Host Defenses
Module 7.3

* Microbiology Animation: Antigen Processing and Presentation: Overview

Module 7.7
® Microbiology Animation: Humoral Immunity: Clonal Selection and
Expansion

Module 7.8
¢ Bioflix: Summary of the Adaptive Immune Response

Chapter 9 Neurons: Cellular and Network Properties

Module 9.2
e BioFlix: How Synapses Work
Module 9.3
¢ Interactive Physiology Animation: Generation of an Action Potential

e BioFlix: Action Potential Conduction

Chapter 9 Links to Resources
¢ Interactive Physiology 2.0 Animation: Propagation of an Action Potential

Chapter 10 The Central Nervous System
Module 10.6

e Biointeractives: Circadian Rhythms and the SCN
Chapter 12 Efferent Division: Autonomic and
Somatic Motor Control
Module 12.2

e A&P Flix: The Cross Bridge Cycle
Chapter 13 Muscles

Module 13.1
e A&P Flix: The Cross Bridge Cycle
¢ Interactive Physiology Animation: Neuromuscular Junction
¢ Interactive Physiology 2.0 Animation: Cross Bridge Cycle

Chapter 15 Cardiovascular Physiology

Module 15.3
¢ Interactive Physiology Animation: Pathway of Blood through the Heart
¢ Interactive Physiology Animation: Action Potentials in Autorhythmic Cells
Module 15.4
e Physiology in Action: Electrocardiogram
¢ Interactive Physiology Animation: Intrinsic Conduction System of the Heart
¢ Interactive Physiology Animation: Cardiac Output
Chapter 15 Links to Resources
¢ Interactive Physiology 2.0 Animation: Electrical Activity of the Heart
¢ Interactive Physiology 2.0 Animation: Cardiac Cycle
¢ Interactive Physiology 2.0 Animation: Cardiac Output

Chapter 16 Blood Flow and the Control of Blood
Pressure

Module 16.4

¢ Physiology in Action: Orthostatic Hypotension

¢ Interactive Physiology Animation: Arterial Baroreceptor Reflex
Chapter 16 Links to Resources

¢ Interactive Physiology Animation: Factors Affecting Blood Pressure

¢ Interactive Physiology 2.0 Animations: Factors Affecting Blood Pressure

Chapter 18 Mechanics of Breathing

Module 18.3
¢ Physiology in Action: The Spirometer
e Physiology in Action: Subatmospheric Pleural Cavity
¢ Physiology in Action: Effect of Ventilation on Expired CO,

Chapter 19 Gas Exchange and Transport

Module 19
¢ BioFlix: Gas Exchange
¢ Physiology in Action: Hemoglobin/Oxygen Transport
Chapter 19 Links to Resources
¢ Interactive Physiology 2.0 Animation: Oxygen Transport and Exchange

Chapter 20 The Kidneys

Module 20.4
¢ Interactive Physiology Animation: Glomerular Filtration
Module 20.6
¢ Interactive Physiology 2.0 Animation: Prox tubule Reabsorption & Secretion

Module 20.7

¢ Physiology in Action: Renal Clearance

Chapter 20 Links to Resources
e Interactive Physiology 2.0 Animation: Glomerular Filtration
¢ Interactive Physiology Animation: Anatomy Review: Urinary System
¢ Interactive Physiology 2.0 Animation: Tubular Reabsorption & Secretion

Chapter 21: Integrative Physiology II: Fluid and
Electrolyte Balance

Chapter 21 Links to Resources
¢ Interactive Physiology Animation: Aldosterone and ADH in Salt & Water
Processing
¢ Interactive Physiology Animation: Mechanisms for Acid-Base Homeostasis
¢ Interactive Physiology Animation: Acid-Base Disturbances

Chapter 22 The Digestive System

Chapter 22 Links to Resources
¢ Interactive Physiology Animation: Anatomy Review
¢ Interactive Physiology Animation: Control of Digestion
e Interactive Physiology Animation: Digestive System Secretion
¢ Interactive Physiology Animation: Digestion and Absorption

Chapter 25 Integrative Physiology III: Exercise
Module 25.3

¢ Physiology in Action: Blood Pressure and Exercise

Get FULL Ebook order By email at palemonking@gmail.com or Telegram at https://t.me/meghareddy/



J Strategies for Success

Top Ten Ways to Succeed in
Classes that Use Active Learning

By Marilla Svinicki, Ph.D., former Director of the University of Texas Center for
Teaching Effectiveness

1.

Make the switch from an authority-based conception of learning to a
self-regulated conception of learning. Recognize and accept your
own responsibility for learning.

Be willing to take risks and go beyond what is presented in class or
the text.

Be able to tolerate ambiguity and frustration in the interest of
understanding.

See errors as opportunities to learn rather than failures. Be willing to
make mistakes in class or in study groups so that you can learn from
them.

5. Engage in active listening to what’s happening in class.

6. Trust the instructor’s experience in designing class activities and par-

ticipate willingly if not enthusiastically.

7. Be willing to express an opinion or hazard a guess.

8. Accept feedback in the spirit of learning rather than as a reflection of

10.

you as a person.
Prepare for class physically, mentally, and materially (do the reading,
work the problems, etc.).

Provide support for your classmate’s attempts to learn. The best way
to learn something well is to teach it to someone who doesn’t
understand.

Dr. Dee’s Eleventh Rule:
DON'T PANIC! Pushing yourself beyond the comfort zone is scary,

but you have to do it in order to improve.

Word Roots for Physiology

Simplify physiology and medicine by learning Latin and Greek word
roots. The list below has some of the most common ones.

Using the list, can you figure out what hyperkalemia means?*

a- or an- without, absence
anti- against

-ase signifies an enzyme
auto self

bi- two

brady- slow

cardio- heart

cephalo- head
cerebro- brain

contra- against

-crine a secretion
crypt- hidden

cutan- skin

-cyte or cyto- cell

de- without, lacking
di- two

dys- difficult, faulty
-elle small

-emia in the blood
endo- inside or within
epi- over

erythro- red

exo- outside

extra- outside

gastro- stomach

-gen, -genie produce
gluco-, glyco- sugar or sweet
hemi- half

hemo- blood

hepato- liver

homo- same

hydro- water

hyper- above or excess

hypo- beneath or deficient
inter- between

intra- within

-itis inflammation of

kali- potassium

leuko- white

lipo- fat

lumen inside of a hollow tube
-lysis split apart or rupture
macro- large

micro- small

mono- one

multi- many

myo- muscle

oligo- little, few

para- near, close

patho-, -pathy related to
disease

peri- around

poly- many

post- after

pre- before

pro- before

pseudo- false

re- again

retro- backward or behind
semi- half

sub- below

super- above, beyond
supra- above, on top of
tachy- rapid

trans- across, through

*Hyper = excess, kali = potassium, -emia = in the blood, or elevated blood
potassium
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J Owner’s Manual

Welcome to Human Physiology! As you begin your study of the human
body, one of your main tasks will be to construct for yourself a global view
of the body, its systems, and the many processes that keep the systems
working. This “big picture” is what physiologists call the integration of
systems, and it is a key theme in this book. To integrate information, how-
ever, you must do more than simply memorize it. You need to truly under-
stand it and be able to use it to solve problems that you have never
encountered before. If you are headed for a career in the health profes-
sions, you will do this in the clinics. If you plan a career in biology, you
will solve problems in the laboratory, field, or classroom. Analyzing, syn-
thesizing, and evaluating information are skills you need to develop while
you are in school, and I hope that the features of this book will help you
with this goal.

%8 Homeostasis, Communication and Control

Uit 2 fovcw he Bth and the mech thar control body functions and
maintain homeostasks, Communlcam-\ may I:n faraf u-:lrul.uf toa saal area, or fong-distance, whm n]lﬁ in
distant parts of the bady lang nerves or o

moving through the circulatory system.

Three bidy systems coordinale in the '_". Morvous System
control of body functkon: the nervous,

endocrine, and immune systems.
\ 7] %

Many buman physiology courses do
Bemere Syabem |

not discuss immune function but we
bearned from the COVID-19
pandemic the importance of the
immune system and how its cyt
kines affect multipbe body systems, 20
It 15 Included here.

A bried overview of the components
and functions of the umupe spten
can b foumd in Chsptlr . Chapter &

the cystenm and the iples of endocrine fmction. The mervs system and its use of
electrical and clu.'mlr.ll agmhngm dlesubm:l nﬂ_hapm 9, followed by in-depth discussions of the contral
nervanes systen (Ch, 10), semsory division of the ne {Ch 11}, and th atnal somatic motor
efferent divisians (Ch, 12), Muscles are the focus o(Chipm' 13, with thi emphasis on skeletal musche funotion.
“The unit conclisdes with a brief look at the integrated control of body movement in Chapter 14

Chapter 11: Sensory Physiology .

(Chapter 12: Efferent Division:
Chapter7: The Immune System Autonomic and Sematic
Control

- :;.mu . i '

P
Chapter: Neurons: Cellularand @ Chapter 14: Integrative Physialogy s -
Network Properties Control of Body Movement

Chapter 10: The Central Nervous I/j
: T

Chapter 6: Communication,
Integration, and
Homeostasis

Pattern recognition is important for all healthcare professionals, so
you can begin to develop this skill by learning the core concepts of physi-
ology that repeat over and over as you study different organ systems. The
core concepts are introduced in Unit 1, and each chapter begins with a brief
summary of the core concepts in that chapter.

We have also retained the four approaches to learning physiology
that proved so popular since this book was first published.

1. Cellular and Molecular Physiology
Most physiological research today is being done at the cellular and
molecular level, and there are constantly exciting developments in
molecular medicine and physiology. For example, scientists have
discovered a new method of cell-to-cell communication: exosomes

and ectosomes. We are still learning how these extracellular vesicles
play a role in health and disease. Look for similar links between
molecular and cellular biology, physiology, and medicine through-
out the book.

2. Physiology is a Dynamic Field
Physiology is a dynamic discipline, with numerous unanswered
questions that merit further investigation and research. Many of the
“facts” presented in this text are really only our current theories, so
you should be prepared to update your mental models as new infor-
mation emerges from scientific research.

3. Physiology is Integrative
The organ systems of the body do not work in isolation, although we
study them one at a time. To emphasize the integrative nature of
physiology, three chapters (Chapters 14, 21, and 25) focus on how the
physiological processes of multiple organ systems coordinate with
each other, especially when homeostasis is challenged.

4. A Focus on Problem Solving
One of the most valuable life skills all students should acquire is the
ability to think critically and use information to solve problems. As
you study physiology, you should be prepared to practice these
skills. You will find a number of “test yourself” questions designed to
challenge your critical thinking and analysis skills.

One of my aims is to provide you not only with information about
how the human body functions but also with tips for studying and prob-
lem solving. Many of these study aids have been developed with the input
of my students, so I think you may find them particularly helpful. The list
below is a brief tour of the special features of the book, especially those
that you may not have encountered previously in textbooks. Please take a
few minutes to read about them so that you can make optimum use of the
book as you study.

* Learning Outcomes on the chapter opening page list the key ques-
tions you should be able to answer by the end of the chapter.

* Background Basics, also on the chapter opening page, lists topics
you will need to master for understanding the material that follows.
The terms include links for review.

* Anatomy Summaries provide succinct visual overviews of a physio-
logical system from a macro to micro perspective. Whether you are
learning the anatomy for the first time or refreshing your memory,
these summaries show you the essential features of each system in a
single figure

e Essentials and Review figures occur throughout the book. These fig-
ures distill the basics about a topic onto one or two pages, much as
the Anatomy Summaries do. My students tell me they find them par-
ticularly useful for review when there isn’t time to go back and read
all the text.

* Reflex Pathways & Concept Maps organize physiological processes
and details into a logical, visual format. These figures use consistent
colors and shapes to represent different steps, making it easier to
understand complex physiological processes. Chapter 1 includes a
special Focus On feature showing you how to do your own concept
mapping.

* Running Problems in each chapter are clinical scenarios related to the
chapter topic. Read the segments as you work through the text and see
if you can answer the questions that ask you to apply what you're
learning to the problem. Answers are in the summary table at the con-
clusion of the problem.
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Integumentary System “ e Figure Questions and Graph Questions challenge you to apply

visual literacy or data interpretation skills as you read an illustration,

| :\ photo, or graph.

® Concept Checks are placed at intervals throughout the chapters,
helping to test your understanding before continuing to the next
topic. Click the interactive buttons to show the answer or get a hint.

Nervous \

® Quick Reference to Integrated Media by Chapter provides an easy
reference to key animations and videos.

¢ The Appendices have answers to the end-of-chapter questions, as well
as reviews of physics, logarithms, and basic genetics.

e The Useful Resources section of the eTextbook includes a periodic
table of the elements, diagrams of anatomical positions of the body,
tables with unit conversions. and normal values of blood components.

Take a few minutes to look at all these features so that you can make
optimum use of them.

It is my hope that by using this book, you will develop an integrated
view of physiology that allows you to enter your chosen profession with
respect for the complexity of the human body and a clear vision of the
potential of physiological and biomedical research. May you find physiol-

Musculoskeletal ogy as fun and exciting I do. Good luck with your studies!

system

Warmest regards,
Dr. Dee (as my students call me)

Reproductive silverthorn@utexas.edu
system

_| Respiratory compensation for metabolic acidosis
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ences at the University of
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ranging from the crab gill to the chick allantoic membrane. Dr. Dee
has taught in a variety of settings, from medical schools (Medical
University of South Carolina, Dell Medical School, UT-Austin) to
high school. For most of her career, at the University of Texas—
Austin, she has taught undergraduate and graduate physiology
lectures and labs, and she trains graduate students to develop
teaching skills in the life sciences. Dr. Dee has received numerous
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Outstanding Teaching Award, the American Physiological Society
(APS) Arthur C. Guyton Physiology Educator of the Year, and
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served as editor-in-chief of Advances in Physiology Education, and
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husband, Andrew, and their dogs.
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Dedication

I would like to dedicate this 9th edition to all the people who have worked out
of the spotlight on different aspects of this book as it evolved through the years:
physiologists, educators, and publishing professionals alike. A special thanks
goes to two of my editors—DKB and AAR—for their vision and support.
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The Ninth Edition of Human Physiology: An Integrated Approach
builds upon the thorough coverage of integrative and molecular
physiology topics that have always been the foundation of this
book. It has been nearly eight years since the last revision, and a lot
has changed in the world of physiology and medicine, including
the global SARS-CoV-2 pandemic. Studying the pathophysiology

New to this Edition

of COVID-19 made biomedical scientists aware of how the
immune system influences body functions in ways we had not
previously realized. In recognition of that fact, we have promoted
the immune system from Chapter 24 in the last edition to Chap-
ter 7, giving it new status as the third control system, coordinating
with the nervous and endocrine systems through chemical signals.

Core Concepts in Physiology

Core Structure-
Concept function

Molecular
interactions

Compartmentation Energy

Gradients Communication | Homeostasis Mass balance

w || MO

<

O |
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The other major change in this edition is a focus throughout
the book on the core concepts of physiology. The eight selected
core concepts are introduced and discussed, along with their icons,
in Unit 1, then become a unifying theme throughout the text. The
four units in the book—Core Concepts in Physiology; Homeosta-
sis, Communication, and Control; Integration of Function; and
Metabolism, Growth, and Reproduction—are now introduced
with a visual overview page that previews the unit’s chapters.
Each chapter begins with a brief introduction to the core concepts
featured in that chapter. Core concept icons can be found on many
pieces of art, challenging students to see if they can find the core
concept represented in the art. Finally, the text chapter summaries
have been replaced with visual summaries, many featuring new
art, that review the key ideas covered in the chapter.

This edition was written to take advantage of the interac-
tive features available only in the eTextbook. Answers to the
Concept Checks and Figure and Graph questions are now visible
with a click on the SHOW ANSWER button, as are HINTS. Key
words have popup definitions, and the links for quick review of
topics covered earlier in the book take you to that content. Short
animations and the Physiology in Action videos featuring two of
my early-career colleagues are embedded right in the eTextbook.
Learn more about the other features of Pearson eTextbooks after
the Owner’s Manual.

Finally, when revising this book, we kept in mind the new
HAPS Physiology Learning Outcomes (PLOs) for Human
Physiology. https://www.hapsweb.org/haps-learning-outcomes/haps-
physiology-learning-outcomes/. There can be tremendous variabil-
ity in how introductory physiology is taught, so a correlation
guide between this ninth edition’s learning outcomes and the
HAPS PLOs has been provided within the Instructor Resources.
In addition, we reviewed the entire text and updated language
Vi

Chapter 14 Summary

There are mary ways to control the functions of muscles and glands of the body, but neural
raflexes are the simplest and fastest. Postumal and spinal reflaxes follow the basic pattarn of

a reflex: sansory input i integrated in the CNS, then acted on when an output signal goes.
to skeletal muscles, Voluntary movements do not require sansory inpaut to be initiated, but
thay integrate sensory feedback to ensure smoath execution.
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to be more inclusive, following suggested guidelines from the
U.S. National Institutes of Health and various biomedical and
clinical societies. All art has been updated to reflect the latest
WCAG guidelines to ensure our figures are fully accessible to all
learners.
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As always, the major focus of the book is to incorporate the
latest findings from biomedical research and relate them to
the physiology that is the basis for human health and disease. The
list that follows highlights the new content in this ninth edition.

] Chapter-by-Chapter
Changes in the Ninth
Edition

Chapter 1 Introduction
to Physiology

® Revised themes into eight core concepts. Added gradients as
a core concept

e New core concepts figure with icons
e Updated discussion of reflex loops

® Adds open-loop and closed-loop control systems to ad-
dress misconception that all reflexes are for homeostasis

¢ Difference between regulated and controlled variables
¢ New table of 10 key regulated physiological variables

e New figure of homeostatic control system model with a regu-
lated variable

¢ New Running Problem on searching for information about
health benefits of probiotics; added artificial intelligence as a
search method

e Updated
e “Omics” box and added multiomics

e Use of the word normal

Chapter 2 Molecular Interaction

e Updated research on chromium picolinate (Running Problem)
¢ Revised Section 2.3 on protein binding interactions

* Added motor proteins to protein function list

Chapter 3 Compartmentation: Cells
and Tissues

e Added transcellular compartments to body compartmentation

e Section 3.3 on Cells updated and revised. New art and table
in Fig. 3.4

e Updated discussion on mitochondrial dynamics
e Primary cilia moved from Emerging Topics box into the text
* New topics: biomolecular condensates, proteasomes and
ubiquitin
® Clearly distinguished inclusions from nonmembranous
organelles
e Section 3.4 Tissues

e (larification of difference between basal lamina and base-
ment membrane

New to this Edition  Vii

e Added specialized epithelia as a sixth category
® Added the ependyma to ciliated epithelia

e Section 3.5: Updated discussion on stem cells includes organ-
oids and regenerative medicine

Chapter 4 Energy and Cellular
Metabolism

* New figure on the electron transport system

Chapter 5 Membrane Dynamics

e Updated Section 5.5 on vesicular transport

® Revised mechanisms: micropinocytosis, clathrin-depend-
ent and -independent endocytosis

e Extracellular vesicles: exosomes and ectosomes
e New map of vesicular transport
¢ Added discussion of ectoenzymes

e Updated information on cystic fibrosis

Chapter 6 Communication,
Integration, and Homeostasis

® Added immune system as the third control system
e Updated information on cytokines
¢ New figure showing neuro-endo-immune interactions

e Added extracellular vesicles to discussion and art

Chapter 7 The Immune System

This chapter was rewritten to focus on the immune system’s role
as a control system.

e Multiple figures were significantly revised. Added two new
figures
¢ Updated ethnic distributions of blood types table
e Added information on:
¢ Lifestyle-associated molecular patterns or LAMPs
e Toll-like receptors (TLRs)
¢ Pro-inflammatory cytokines
e SARS-CoV-2, COVID-19, coronavirus

Chapter 8 Introduction to the
Endocrine System

e Updated information on calcitonin gene-related peptide
(CGRP) and migraine

¢ Updated information on oxytocin and autism

Chapter 9 Neurons: Cellular and
Network Properties

e New introduction on undergraduate researchers and cone
snail toxins

e Updated discussions and revised figures:

e Neuron structure and function
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viii New to this Edition

e Channel activation and inactivation

* Axonal transport

e mRNA transport and neuronal protein synthesis
¢ Glial cell functions

¢ Types of neurotransmitter receptors (Tbl. 9.4)

¢ Signaling by gaseous signal molecules

® Mechanisms for LTP and LTD, including local protein syn-
thesis in dendrites

¢ Plasticity
e Updated Try It! box on Venus flytrap action potential mechanism

Chapter 10 The Central Nervous
System
* Moved glymphatics from Emerging Concepts box into the text
e New art for blood-brain barrier
e Paravascular CSF flow
¢ Note on changing terminology for CNS directions

* New section on mind-body interactions and
psychoneuroimmunology

¢ Updated information on:
* Alzheimer’s
¢ BRAIN initiative progress
¢ Emergent properties
e Evolution of electrical signaling
e Added:
¢ Nonmotor functions of the cerebellum
* Role of pericytes in control of cerebral blood flow

e Associative learning doesn’t require a brain

Chapter 11 Sensory Physiology

¢ New introduction to Meniere’s Running Problem (astronaut
Alan Shepard)

e New box on COVID-19 and loss of taste and smell
¢ Updated model of pain and nociception
e Gate control theory of pain is no longer the current model
¢ Updated:
e Sound transduction
* Melanopsin and mRCG cells
e Models for taste cell transduction
e Added:

e Piezo cation channels and TRPV1 ion channels for somatic
senses

® 2021 Nobel Prize in Physiology or Medicine for sensory
receptors

¢ Intrinsically photosensitive retinal ganglion cell (ipRGC)

e Blood-retinal barrier

Chapter 12 Efferent Division:
Autonomic and Somatic Motor
Control

e Expanded somatic motor disorders
* Myasthenia gravis
¢ Poliomyelitis
e Lambert-Eaton myasthenic syndrome
¢ Transcutaneous vagal nerve stimulation in medicine

¢ Updated information on nicotine addiction to include vaping
and recent statistics

Chapter 13 Muscles

* Changed sliding filament theory to sliding filament mechanism
¢ Updated information about myosin family of proteins
e Updated figure of muscle fiber mitochondrial anatomy
¢ Introduced new theories:
* Role of titin in muscle contraction
* Branching of sarcomeres

* Myosin activation in sliding filament mechanism

Chapter 14 Integrative Physiology I:
Control of Body Movement

* Revised discussion of proprioception

e Updated functions of spindles, joint receptors, Golgi ten-
don organs

* Add Piezo2 ion channels
e Updated information on deep brain stimulation for Parkinson’s
¢ New examples of innate reflexes

¢ Clinical applications of reflex testing

Chapter 15 Cardiovascular
Physiology
* New title for Section 15.2 Core Concept: Gradients and Flow

* Review gradients from earlier chapters and relate to pres-
sure gradients

* Expanded discussion of cyanosis to reflect signs in people
with dark skin

¢ Introduced sinoatrial and atrioventricular nodes and Purkinje
fiber cells as the three autorhythmic tissues of the heart

* New terminology: His-Purkinje system

e Clarify that all ventricular conducting cells are Purkinje
fiber cells

Chapter 16 Blood Flow and the
Control of Blood Pressure

* Added focus on core concepts of mass balance and
homeostasis
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Corrected model for anatomy of the microcirculation, with
new text and new art

Reorganized discussion on blood pressure, resistance, and
flow to tissues

Added intraosseous infusion into bone marrow sinusoids
Updated:

® Vasovagal (neurocardiogenic) syncope

¢ Lymphatics, with new art

e Myogenic autoregulation

e (Cardiovascular disease

Chapter 17 Blood

e Consolidated discussion of iron homeostasis with 2 new

figures
e Ferroportin (FPN)
* Hepcidin

e Updated:

* Thrombopoietin and thrombopoietin receptor agonists
(TPO-RAS)

® Gene therapy for sickle cell disease
¢ Platelet-rich plasma

® Schematic of hematopoietic stem cells and hematopoietic
cytokines

* Gene therapy for hemophilia

Chapter 18 Mechanics of Breathing

New introduction about COVID-19 and the respiratory system
New discussion, figure, and table of airway epithelial cells

® Club cells, ionocytes, tuft cells, pulmonary neuroendocrine
cells, and basal cells

e Periciliary mucus layer

New section on respiratory system defense mechanisms
Revised:

¢ Discussion of gas laws

e Effect of altitude on gas partial pressures

Updated type II alveolar cell functions

Chapter 19 Gas Exchange and
Transport

Revised model and new figure on central control of
breathing

* Respiratory central pattern generator (rCPG)
¢ Pontine-medullary network

Updated:

¢ Factors that affect pulse oximeter accuracy

¢ Blood substitutes

e Protective reflexes

New to this Edition iX

Chapter 20 The Kidneys

¢ Added alternate terminology for anatomical structures
e Updated:

* Mesangial cell functions
e Gout and uric acid excretion

e SGLT2 inhibitors and urate excretion

* Moved Glucosuria and Diabetes Try It! activity to Chapter 23

Chapter 21 Integrative Physiology II:
Fluid and Electrolyte Balance
e New Clinical Focus box and figure on SARS-CoV-2 and

ACE2

e New Try It! box on Osmotic Diuresis with calculations
e Updated:

¢ Cell volume regulation

* Vasopressin pathologies

Chapter 22 The Digestive System

Reorganized to put function before anatomy
* Moved hepatic portal system to anatomy section

* New discussion and figure of gut mucosal cells, including
immune cells of the mucosa

e Lymphoid follicles
e Paneth cells
¢ Enteroendocrine cells (EEC)
New Section 22.3 on overview of digestive processes
New Section 22.9 on microbiome and gut-brain communication

Expanded discussion and new figure on bile salt recycling
and enterohepatic circulation

Updated:

e Table 22.1 on signal peptides

¢ Guanylin and uroguanylin in natriuretic peptide family
* Role of immune system in digestive diseases

* Section 22.8 on defense mechanisms

e Information on colorectal cancer

Chapter 23 Metabolism and Energy
Balance

Reorganized introduction to put energy balance before food
intake

Revised model for control of food intake

* Set point theory

¢ Role of POMC and agouti-related peptide (AgRP)
Updated discussion of body mass index (BMI)
Updated:

¢ Statistics on obesity and diabetes
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X New to this Edition

e Table 23.4 on drugs for diabetes
* Semaglutide
¢ New information on diagnosis and treatment of diabetes
¢ Hemoglobin A1C (HbAlc)

e New section on how physiology is related to drug devel-
opment for diabetes

e Try It! box on glucosuria and insulin

Chapter 24 Endocrine Control of
Growth and Metabolism
e Updated information on growth hormone therapy
¢ Updated information on control of bone remodeling
e Coupling of bone remodeling
¢ (lastokines
e Updated information on calcitonin

¢ Calcitonin gene-related peptide (CGRP)

Chapter 25 Integrative Physiology III:
Exercise

¢ Updated model of autonomic control of heart rate increase
during exercise

Discussion of difficulty of doing research on exercise
Updated chemical signals affecting exercise metabolism

e Myokines and exerkines

Chapter 26 Reproduction and
Development

Updated discussions on:
¢ Biological sex and gender

* Sex as a biological variable and the importance of sex in
health and disease

Revised discussion of sex determination and differentiation
e X chromosome inactivation

e Testis-determining genes: SRY and SOX9 genes

Revised figure and explanation of gametogenesis

Introduction of differences of sex development (DSD) and
ambiguous genitalia

e Non-invasive prenatal testing (NIPT)
Role of exosomes in sperm maturation
Updated table on contractive methods

Revised model for endocrine control of initiation of labor
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The Pearson eTextbook is a simple-to-use, mobile-optimized, per-
sonalized reading experience. It allows students to easily high-
light, take notes, listen to the textbook, and review vocabulary all
in one—even when offline. Students using the Pearson eTextbook
will reap all the benefits of the new text features, while also bene-
fitting from the following new and existing interactive features,
which are integrated directly into the online text:

EXPANDED! Over 50 animations and videos embedded in
the Pearson eTextbook bring A&P concepts to life featuring A&P
Flix, Interactive Physiology, BioFlix, and more.

NEW! Hot Topics in Physiology bring regularly updated
author-written articles to the eTextbook to inform readers of new
research and developments in human physiology today. Located

in each unit opener, these articles help students relate core content
to the world around them.

NEW! AI Study Tool pulls from vetted Pearson content to
help students achieve proficiency and master key course concepts.
Our generative Al chat tool goes beyond a one-size-fits-all
approach to provide individualized support, practice and feed-
back that meet the unique needs of every learner.

Pearson eTextbook

NEW! Quick Reference—Pearson eTextbook Integrated
Media by Chapter provides easy reference to key animations and
videos available for each chapter in the eTextbook and in Mastering.
Media call-outs are also highlighted in the relevant chapter pages.

Xi
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— What’s New in Mastering A&P —

Mastering A&P is the most widely used online assessment and
tutorial program for A&P, providing an extensive library of hun-
dreds of animations, tutorials, and questions that are graded auto-
matically.

NEW: Interactive Reading Assignments let students read,
watch and practice in one seamless experience. Instructors can
now assign specific sections of the eTextbook plus coaching and
drag and drop assignments, and more for auto-grading.
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NEW! Interactive Labs for Anatomy and Physiology are a
fully customizable and auto-graded wet lab experience for your
specific course objectives. Students engage with thought-provoking
readings, videos, and realistic simulations aimed at critical thinking
and data interpretation. These virtual labs can be assigned as a wet
lab replacement, pre-lab preparation, post-lab review, or as a make-
up lab. We recommend previewing the pre-built learning path by
navigating to the Assignment Manager>Create>Import Pre-Built
Assignment. See section below on Assignment Settings, Scoring,
and LMS Integration.

EXPANDED! Interactive Physiology 2.0 helps students
advance beyond memorization to a genuine understanding of the
toughest topics in A&P. Fully accessible on all mobile devices. I.P.
2.0 tutorials are assignable as coaching activities in Mastering
A&P. New topics include Carbon Dioxide Transport and Exchange
and Propagation of an Action Potential.

PhysioEx™10.0 Laboratory Simulations in Physiology pro-
vide newly formatted exercises in HTML for increased stability,
web browser flexibility, and improved accessibility. The 12 Exer-
cises contain 63 easy-to-use laboratory simulation activities that

Xii

complement or replace wet labs, including those that are expen-
sive or time-consuming to perform in class. PhysioEx allows
students to repeat labs as often as they like, perform experiments
without harming live animals, and conduct experiments that are
difficult to perform in a wet lab environment because of time, cost,
or safety concerns.

NEW! Gap Finder: A&P Diagnostic Assessment identifies
any student knowledge gaps for material they should know for
success in the course. This Diagnostic module contains approxi-
mately 130 questions based on these topics: Study Skills, Math
Essentials, Chemistry Basics, Cell Biology Basics, and Biology
Basics. Instructors can deselect as many questions as they want.
There’s no minimum number they have to adhere to in order for
the program to work.

NEW and UPDATED! Dynamic Study Modules have been
updated to reflect new content in the ninth edition. In addition,
shadow questions, that change the root of the question, have been
created for select questions to help keep students from memoriz-
ing questions.

NEW! Practice Anatomy Lab (PAL 4.0) featuring fully inter-
active 3-D models and custom assignability of your structure list
is available in Mastering Assignment Manager and student
Study Area.
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UNIT 1
Basic Cell Processes: Integration
and Coordination

m Core Concepts in Physiology

Welcome to the study of human physiology! In the first six chapters of this book you will learn about the core
concepts of physiology — the general models or patterns that repeat over and over throughout the different body
systems. Being able to recognize these patterns each time you encounter them will simplify learning physiology
because you are seeing something familiar in a different context rather than learning a new concept. Pattern
recognition is an important skill to acquire in your studies because it is a critical element in developing expertise.
Studies have shown that when clinicians make a diagnosis, they are using rapid subconscious pattern recognition
to help decide what might be going on.

To simplify learning the eight core concepts in this book, we have created icons that will appear at the start of
each chapter to show the important core concepts discussed in that chapter. The icons and their descriptions
appear next to the unit chapter titles where they are first discussed. Chapter 6 is the first chapter in Unit 2.

Chapter Core Concepts lcon
Homeostasis. |7/ \J
Chapter 1: Introduction to Physiology
Mass Balance
Structure-Function
Relationships

Communication

Chapter 2: Molecular Interactions Inra:::i‘t:iﬂ:;
Eapters: E:m’:;m;:::om Compartmentation
Chapter 4: :Aneet?lro?i:: Cellular Energy
Chapter 5: Membrane Dynamics Gradients
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1
Introduction to Physiology

The current tendency of physiological thought is clearly toward an increasing emphasis upon the unity of operation of the
Human Body.

Ernest G. Martin, preface to The Human Body 10th edition, 1917

Welcome to the study of human physiology! In this chapter you will be introduced to the core concepts of physiology—the general models
or patterns that repeat over and over throughout the body systems of living organisms. Here are the core concepts featured in Chapter 1.

______ . A healthy body stays in homeostasis. . The structure and function of
Homeostasis . R Structure-Function
/ Loss of homeostasis can result in \ body parts are closely related,
illness. from the tiniest subcellular fibers
to the most complex organs.

|y!i The organ systems of the body must

Communication  .ommunicate with each other. : Compartments at all levels of
/('.- Compartmentation .. .
il @ organization separate functions.
T 1 Body stability requires that what
Mass Balance : :
comes in and what goes out remain
balanced.
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Learning Outcomes

1.1 Physiology Is an Integrative Science
LO 1.1.1  Define physiology.
LO 1.1.2 List the levels of organization from atoms to the
biosphere.
LO 1.1.3 Name the 10 physiological organ systems of the body
and give their functions.
1.2 Function and Mechanism
LO 1.2.1 Distinguish between mechanistic explanations and
teleological explanations.
1.3 Core Concepts in Physiology
LO 1.3.1 List and give examples of eight core concepts in
physiology.
1.4 Homeostasis

LO 1.4.1  Define homeostasis. What happens when homeostasis
fails?

LO 1.4.2 Name and describe the two major compartments of
the human body.

LO 1.4.3 Explain the law of mass balance and how it applies to
the body’s load of a substance.

LO 1.4.4 Define mass flow using mathematical units and
explain how it relates to mass balance.

LO 1.4.5 Define clearance and give an example.

LO 1.4.6 Distinguish between equilibrium and steady state.

elcome to the fascinating study of the human body! For

most of recorded history, humans have been interested
in how their bodies work. Early Egyptian, Indian, and Chinese
writings describe attempts by physicians to treat various
diseases and to restore health. Although some ancient
remedies, such as camel dung and powdered sheep horn,
may seem bizarre, we are still using others, such as blood-
sucking leeches and chemicals derived from medicinal plants.
The way we use these treatments has changed through the
centuries as we have learned more about the human body.

There has never been a more exciting time in human
physiology. Physiology is the study of the typical functioning
of a living organism and its component parts, including all its
chemical and physical processes. The term physiology literally
means “knowledge of nature.” Aristotle (384-322 BCE) used
the word in this broad sense to describe the functioning of all
living organisms, not just of the human body. However,
Hippocrates (ca. 460-377 BCE), considered the father of
medicine, used the word physiology to mean “the healing
power of nature,” and thereafter the field became closely
associated with medicine. By the sixteenth century in Europe,
physiology had been formalized as the study of the vital
functions of the human body. Currently the term is again used
to refer to the study of all living organisms.

Today, we benefit from centuries of work by physiologists
who constructed a foundation of knowledge about how the
human body functions. Since the 1970s, rapid advances in the
fields of cellular and molecular biology have supplemented this

Introduction to Physiology 3

1.5 Control Systems and Homeostasis

LO 1.5.1 List the three components of a control system and
give an example.

LO 1.5.2 Explain the relationship between a regulated variable
and its setpoint.

LO 1.5.3 Compare local control, long-distance control, and
reflex control.

LO 1.5.4 Explain the relationship between a response loop and
a feedback loop.

LO 1.5.5 Compare negative feedback, positive feedback, and
feedforward control. Give an example of each.

LO 1.5.6 Explain what happens to setpoints in biological
rhythms and give some examples.

1.6 The Science of Physiology

LO 1.6.1 Explain and give examples of the following
components of scientific research: independent and
dependent variables, experimental control, data,
replication, variability.

LO 1.6.2 Compare and contrast the following types of
experimental study designs: blind study, double-blind
study, crossover study, prospective and retrospective
studies, cross-sectional study, longitudinal study,
meta-analysis.

LO 1.6.3 Define placebo and nocebo effects and explain how they
may influence the outcome of experimental studies.

work. A few decades ago, we thought that we would find the key
to the secret of life by sequencing the human genome, which is
the collective term for all the genetic information contained in the
DNA of a species. However, this deconstructionist view of
biology has proved to have its limitations, because living
organisms are much more than the simple sum of their parts.

1.1 Physiology Is an
Integrative Science

Many complex systems—including those of the human body—
possess emergent properties, which are properties that cannot be
predicted to exist based only on knowledge of the system’s indi-
vidual components. An emergent property is not a property of
any single component of the system, and it is greater than the sim-
ple sum of the system’s individual parts. Emergent properties
result from complex, nonlinear interactions of the different
components.

For example, suppose someone broke down a car into its nuts
and bolts and pieces and laid them out on a floor. Could you pre-
dict that, properly assembled, these bits of metal and plastic
would become a vehicle capable of converting the energy in gaso-
line into movement? Who could predict that the right combina-
tion of elements into molecules and assemblages of molecules
would result in a living organism? Among the most complex
emergent properties in humans are emotion, intelligence, and
other aspects of brain function. None of these properties can be
predicted from knowing the individual properties of nerve cells.
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When the Human Genome Project began in 1990, scientists
thought that by identifying and sequencing all the genes in human
DNA, they would understand how the body worked. However,
as research advanced, scientists had to revise their original idea
that a given segment of DNA contained one gene that coded for
one protein. It became clear that one DNA sequence could code
for many proteins. The Human Genome Project ended in 2003, but
before then researchers had moved beyond genomics to proteomics,
the study of proteins in living organisms.

Now scientists have realized that knowing that a protein is
made by a particular cell does not always tell us the significance
of that protein to the cell, the tissue, or the functioning organism.
The exciting new areas in biological research are using a mul-
tiomics approach that applies data from many fields of study to
explain the integrated function of the human body.

Emerging Concepts
The Changing World of Omes

Contemporary research is now in an era of “omes” and “omics.” What
is an “ome”? The term apparently derives from the Latin word for a
mass or tumor and refers to a collection of items that make up a
whole, such as a genome. One of the earliest uses of the “ome” suffix
in biology is the term biome, meaning all organisms living in a major
ecological region, such as the marine biome. A genome is all the
genetic material of an organism. Its physiome describes the organ-
ism’s coordinated molecular, cellular, and physiological functioning.
The related adjective “omics” describes the research related to study-
ing an “ome.”

New “omes” emerge every year. The human connectome project
sponsored by the U.S. National Institutes of Health is a collaborative
effort to map all the neural connections of the human brain. The
human microbiome project is studying the influence of microbes that
normally live on or in the human body. Long ignored for many years,
these microbes have now been shown to have an influence on both
health and disease.

1.2 Function and
Mechanism

We define physiology as the typical functioning of the body, but
physiologists are careful to distinguish between function and mech-
anism. The function of a physiological system or event is the
“why” of the system or event: Why does a certain response help
an animal survive in a particular situation? In other words, what
is the adaptive significance of this event for this animal?

For example, humans are large, mobile, terrestrial animals,
and our bodies maintain relatively constant water content despite
living in a dry, highly variable external environment. Dehydration
is a constant threat to our well-being. What processes have evolved
in our anatomy and physiology that allow us to survive in this
hostile environment? One is the production of highly concentrated

urine by the kidney, which allows the body to conserve water. This
statement tells us why we produce concentrated urine but does not
tell us how the kidney accomplishes that task.

Thinking about a physiological event in terms of its adaptive
significance is the teleological approach to science. For example,
the teleological answer to the question of why red blood cells
transport oxygen is “because cells need oxygen and red blood
cells bring it to them.” This answer explains why red blood cells
transport oxygen—their function—but says nothing about how
the cells transport oxygen.

In contrast, most physiologists study physiological processes,
or mechanisms—the “how” of a system. The mechanistic
approach to physiology examines process. The mechanistic
answer to the question “How do red blood cells transport
oxygen?” is “Oxygen binds to hemoglobin molecules in the red
blood cells.” This very concrete answer explains exactly how
oxygen transport occurs but says nothing about the significance of
oxygen transport to the animal.

Students often confuse these two approaches to thinking
about physiology. Studies have shown that even medical students
tend to answer questions with teleological explanations when the
more appropriate response would be a mechanistic explanation.!
Often they do so because instructors ask why a physiological
event occurs when they really want to know how it occurs. Stay-
ing aware of the two approaches will help prevent confusion.

Although function and mechanism seem to be two sides of
the same coin, it is possible to study mechanisms, particularly at
the cellular and subcellular level, without understanding their
function in the life of the organism. As biological knowledge
becomes more complex, scientists sometimes become so involved
in studying complex processes that they fail to step back and look
at the adaptive significance of those processes to cells, organ sys-
tems, or the animal. Conversely, it is possible to use teleological
thinking incorrectly by saying, “Oh, in this situation the body
needs to do this.” This may be a good solution, but if a mechanism
for doing this doesn’t exist, the situation cannot be corrected.

Applying the concept of integrated functions and mecha-
nisms is the underlying principle in translational research, an
approach sometimes described as “bench to bedside.” Transla-
tional research uses the insights and results gained from basic bio-
medical research on mechanisms to develop treatments and
strategies for preventing human diseases. For example, research-
ers working on rats found that a chemical from the pancreas
named amylin reduced the rats” food intake. These findings led
directly to a translational research study in which human volun-
teers injected a synthetic form of amylin and recorded their subse-
quent food intake, but without intentionally modifying their
lifestyle.” The drug suppressed food intake in humans, and was
later approved by the Food and Drug Administration for treat-
ment of diabetes mellitus.

At the systems level, we know about most of the mechanics
of body function from centuries of research. The unanswered
questions today mostly involve integration and control of these
mechanisms, particularly at the cellular and molecular levels.
Nevertheless, explaining what happens in test tubes or isolated
cells can only partially answer questions about function. For this
reason, animal and human trials are essential steps in the process
of applying basic research to treating or curing diseases.
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Running Problem 1.1: What to Believe?

Hiro had just left his first physiology class when he saw a
friend’s social media link to a video claiming that everyone
should take probiotics for gut health. He watched some of the
video but he wasn’t sure exactly what probiotics were and
whether the information in the video was accurate. “I wonder if
there is any scientific evidence supporting this claim,” Hiro
thought. “Let’s see what | can find out.”

] 1.3 Core Concepts in
Physiology

“Physiology is not a science or a profession but a point of view.”
Physiologists pride themselves on relating the mechanisms they
study to the functioning of the organism as a whole. For
students, being able to think about how multiple body systems
integrate their function is one of the more difficult aspects of
learning physiology. To develop expertise in physiology, you
must do more than simply memorize facts and learn new
terminology. Researchers have found that the ability to solve
problems requires a conceptual framework, or “big picture,” of
the field.

This book will help you build a conceptual framework for
physiology by explicitly emphasizing the basic biological themes,
or core concepts that are common to all living organisms. These
concepts form patterns that repeat over and over, and you will
begin to recognize them when you encounter them in specific con-
texts. Pattern recognition is an important skill in healthcare pro-
fessions, and it will also simplify learning physiology.

In the recent years, multiple organizations issued reports to
encourage the teaching of biology using these fundamental con-
cepts.* Although the descriptions vary from report to report, five
major ideas emerge:

3

1. structure and function across all levels of organization
2. energy transfer, storage, and use

3. information flow, storage, and use within single organisms
and within a species of organism

Introduction to Physiology 9

4. homeostasis and the control systems that maintain it

5. evolution

In addition, these reports emphasize the importance of
understanding how science is done and of the quantitative nature
of biology.

FIGURE 1.1 lists the eight core concepts we will focus on in
this book. The major core concepts most related to physiology are
structure-function relationships (anatomy and levels of organiza-
tion, molecular interactions, compartmentation), biological energy
use, gradients and flow, communication, and homeostasis, which
includes mass balance. The first six chapters introduce the funda-
mentals of these core concepts, which you may already be familiar
with from earlier biology or chemistry classes. The core concepts,
with variations, then re-appear over and over in subsequent chap-
ters of this book. Look for their icons throughout the chapters and
in the summary material at the end of each chapter.

Core Concept 1: Structure and
Function Are Closely Related

This overarching core concept subdivides into three major ideas:
anatomy and levels of organization, molecular interactions, and
compartmentation.

Anatomy and Levels of Organization

Anatomy is the study of body structures, and in all living organ-
isms, structure and function are closely linked. The integration of
function across many levels of organization, from the molecular
level to the intact body, is a special focus of physiology. (To inte-
grate means to bring varied elements together to create a unified
whole.)

FIGURE 1.2 illustrates levels of organization ranging from
the molecular level all the way up to populations of different
species living together in ecosystems and in the biosphere. The levels
of organization are shown along with the various subdisciplines
of chemistry and biology related to the study of each
organizational level. There is considerable overlap between the
different fields of study, and these artificial divisions vary
according to who is defining them. Notice, however, that
physiology includes multiple levels, from molecular and cellular
biology to the ecological physiology of populations.

Fig. 1.1 Core concepts and their icons

Core Concepts in Physiology

Molecular
interactions

Core Structure-
Concept function

Compartmentation

Gradients Communication | Homeostasis Mass balance

lcon
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Fig. 1.2 Levels of organization

(o Levels of organization and the related fields of study

MOLECULAR ™\ BIOLOGY
CHEMISTRY

PHYSIOLOGY

ECOLOGY

> Tissues Organs —>

/ Atoms —>| Molecules

systems

Populations of
one species

Ecosystem of

—>| Organisms —» different species

—» Biosphere

At the most basic level of organization shown in Figure 1.2,
atoms of elements link together to form molecules. Collections of
molecules in living organisms form cells, the smallest unit of
structure capable of carrying out all life processes. A lipid and
protein barrier called the cell membrane (also called the plasma
membrane) separates cells from their external environment. Simple
organisms are composed of only one cell, but complex organisms
have many cells with different structural and functional
specializations.

Collections of cells that carry out related functions are called
tissues {texere, to weave}. Tissues form structural and functional
units known as organs {organon, tool}, and groups of organs inte-
grate their functions to create organ systems. Chapter 3 reviews
the anatomy of cells, tissues, and organs.

The structure of a cell, tissue, or organ must provide an effi-
cient physical base for its function. For this reason, it is nearly
impossible to study the physiology of the body without under-
standing the underlying anatomy. Because of the interrelationship
of anatomy and physiology, you will find Anatomy Summaries
throughout the book. These special review features illustrate the
basic anatomy of the physiological systems at different levels of
organization.

Running Problem 1.2

When Hiro got back to his room, he sat down at his computer
and googled probiotics. Almost instantly, he got back more than
244 million results. The first results were sponsored links from
seed.com, amazon.com, and ritual.com. These were followed by
pages from mayoclinic.org, www.nccih.nih.gov, webmd.com,
healthline.com, health.harvard.edu, en.wikipedia.org, and www.
ods.od.nih.gov. Hiro thought to himself, “Wow, there is a lot of
information out there. What should | look at first?”

Q1: Rank these 10 results from most to least likely to have good
information and explain how you chose your rankings.

The 10 physiological organ systems in the human body are
illustrated in FIGURE 1.3. Several of the systems have alternate
names, given in parentheses, that are based on the organs of the
system rather than the function of the system. The integumentary
system {intequmentum, covering}, composed of the skin, forms a
protective boundary that separates the body’s internal environ-
ment from the external environment (the outside world). The
musculoskeletal system provides support and body movement.

Four systems move material into and out of the body. The
respiratory system (pulmonary) exchanges gases; the digestive
system (gastrointestinal) takes up nutrients and water and elimi-
nates wastes; the urinary system (renal) removes excess water
and waste material; and the reproductive system produces eggs
or sperm.

The remaining four systems extend throughout the body. The
circulatory system (cardiovascular) distributes materials by
pumping blood through vessels. The nervous system and endo-
crine system coordinate body functions. Note that the figure
shows them as a continuum rather than as two distinct systems.
Why? Because the lines between these two systems have blurred
as we have learned more about the integrative nature of physio-
logical function.

The one system not illustrated in Figure 1.3 is the diffuse
immune system, which includes but is not limited to the anatomi-
cal structures known as the lymphatic system. The specialized
cells of the immune system are scattered throughout the body.
They protect the internal environment from foreign substances by
intercepting material that enters through the intestines and lungs
or through a break in the skin. In addition, immune tissues are
closely associated with the circulatory system. Cells of the immune
system secrete chemical messengers that communicate and coor-
dinate with the nervous and endocrine systems.

Traditionally, physiology courses and books are organized by
organ system. Students study cardiovascular physiology and reg-
ulation of blood pressure in one chapter, and then study the kid-
neys and control of body fluid volume in a different chapter. In
the functioning human, however, the cardiovascular and renal
systems communicate with each other, so that a change in one is
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Fig. 1.3 Organ systems of the human body and their integration

ESSENTIALS Organ Systems of the Human Body

o

‘ System Name Includes Representative Functions ’ The Integration between Systems of the Body ‘
Circulatory Heart, blood Transport of materials between all intoames o Syte
vessels, blood cells of the body / L
e
Digestive Stomach, Conversion of food into particles
intestine, liver, that can be transported into the
pancreas body; elimination of some wastes -
Endocrine Thyroid gland, Coordination of body function
adrenal gland through synthesis and release of
regulatory molecules
Immune Thymus, spleen, Defense against foreign
lymph nodes invaders
Integumentary Skin Protection from external Circulatory —
environment
Musculoskeletal Skeletal mus- Support and movement
cles, bone
Nervous Brain, spinal Coordination of body function
cord through electrical signals and &
release of regulatory molecules M"Sg:g:ﬁ?letal
Reproductive Ovaries and Perpetuation of the species
uterus, testes
Reproductive
Respiratory Lungs, airways Exchange of oxygen and carbon system
dioxide between the internal and @ l ]l[ J)
external environments l
5 : 3 This schematic figure indicates relationships between
Urinary Kidneys, bladder | Maintenance of water and systems of the human body. The interiors of some
solutes in the internal hollow organs (shown in white) are part of the
environment; waste removal external environment.

likely to cause a reaction in the other. For example, body fluid vol-
ume influences blood pressure, while changes in blood pressure
alter kidney function because the kidneys regulate fluid volume.
In this book, each of the four units ends with an integrative physi-
ology chapter that highlights the coordination of function across
multiple organ systems.

Understanding how different organ systems work together is
just as important as memorizing facts, but the complexity of inter-
actions can be challenging. One way physiologists simplify and
integrate information is by using visual representations of physi-
ological processes called maps. The Focus on Mapping feature in
this chapter will help you learn how to make maps. The first type
of map, shown in FIGURE 1.4, is a schematic representation of
structure or function. The second type of map diagrams a physio-
logical process as it proceeds through time. These process maps
are also called flow charts, and they are frequently used in health
care. You will be able to practice creating maps with special end-
of-chapter questions throughout the book. You will also find maps
in the visual summary at the end of each chapter.

Molecular Interactions

The ability of individual molecules to bind to or react with other
molecules is essential for biological function. A molecule’s
function depends on its structure and shape, and even a small
change to the structure or shape may have significant effects on
the function. The classic example of this phenomenon is the
change in one amino acid of the hemoglobin protein. (Hemoglobin
is the oxygen-carrying pigment of the blood.) This one small
change in the protein converts normal hemoglobin to the form
associated with sickle cell disease.

Many physiologically significant molecular interactions that
you will learn about in this book involve the class of biological
molecules called proteins. Functional groups of proteins include
enzymes that speed up chemical reactions, signal molecules and the
receptor proteins that bind signal molecules, and specialized pro-
teins that function as biological pumps, filters, motors, or trans-
porters. Chapter 2 describes molecular interactions involving
proteins in more detail.
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Fig. 1.4 Focus on . .. Mapping

Focuson... Mapping

Why use maps to study physiology? The answer is Mapping is not just a study technique. Scientists map out
simple: maps will help you organize information you are learning the steps in their experiments. Healthcare professionals
in a way that makes sense to you and they will make that informa-  create maps to guide them while diagnosing and treating
tion easier to recall on a test. Creating a map requires higher-level patients. You can use mapping for almost every subject

thinking about the relationships among items on the map. you study.

What is a map? Mapping is a nonlinear way of organizing material. A
map can take a variety of forms but usually consists of terms (words or short

phrases) linked by arrows to indicate associations. You can label the
connecting arrows to describe the type of linkage between the terms results in Better grades
(structure/function, cause/effect) or with explanatory phrases.

Here are two typical maps used in physiology.

Structure/function maps focus on the relationships
between anatomical structures and their functions.

SANDWICHES

4 Y

Outside components Fillings

! ! | ' | | }

Breads Tortillas Wraps Vegetables | Cheeses Meats

Practice making maps. Many maps appear in this textbook, and they can
serve as the starting point for your own maps. However, the real benefit of
mapping comes from preparing maps yourself rather than memorizing someone
else’s maps. Your instructor can help you get started.

HINTS

* To help you get started, the end-of-chapter questions in this book include at
least one list of terms to map for each chapter.

¢ Write your terms on individual slips of paper or small sticky notes so that you
can rearrange the map more easily.

e Some terms may seem to belong to more than one group. Do not duplicate
the item but make a note of it, as this term will probably have several arrows
pointing to it or leading away from it.

e |f arrows crisscross, try rearranging the terms on the map.

* Use color to indicate similar items.

* Add pictures and graphs that are associated with specific terms in your map.

Dressings |
and sauces |

Process maps or flow charts
follow normal homeostatic control
pathways or the body’s responses
to abnormal (pathophysiological)
events as they unfold over time.

4 Person working '
\ outside on a hot,

dry day

Loses body water
by evaporation

!

[ Body fluids become i

more concentrated

Internal receptors
sense change in
internal concentration

v

[ Thirst pathways h

stimulated

v

-
[ Person seeks out

and drinks water

/

Water added
to body fluids
decreases their
concentration

Electronic mapping. Some people do not like the messiness of hand-drawn maps. There are
several electronic ways of making maps, including PowerPoint or free and commercial software
programs. Free concept mapping software is available from IHMC CmapTools at https://cmap.ihmc.us.
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STEP 1: Write out the terms to map.
If you need help generating ideas for topics to
map, the end-of-chapter mapping questions in
each chapter have lists of terms to help you get
started.

|

Golgi

T
retic
| M&ochondﬁa} |Cy'loplasm|

STEP 2: Organize the terms.

Cytoplasm

i |

Cell mem

T

These are the 3 main

parts of a cell.

brane

4— Put your key term on the top.

Then put your terms in groups that are similar. _'

Mitochondria
e
t 4

I
These are all found inside the cell. Parts in
the left column do not have membranes.
Parts in the right column have membranes.

STEP 3: Link the terms. The Call
consists of
1
v
Cell membrane Cytoplasm
contains contains
|
v v
P Protein fibers | Membranous organelles | | Inclusions | I Nucleolus |
You may think of
additional terms to 1 v
add as you work. -
4 \"[ Cytoskeletc:n\ | Golgi | | Endoplasmic reticulum I [ Mltbchondrial [ Ribosomes |
A
Smooth ER RoughER |« s be o in
| | | g | b Labeling arrows
Makes proteins such as ‘ can help explain
linkages.

Once you have created your map, sit back and think
about it. Are all the items in the right place? You may
want to move them around once you see the big
picture. Add new concepts or correct wrong links.
Review by recalling the main concept and then moving
to the more specific details. Ask yourself questions like,
What is the cause and what is the effect? What parts
are involved? What are the main characteristics?
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Science is a collaborative field. A useful way to study with a
map is to trade maps with a classmate and try to under-
stand each other’s maps. Your maps will aimost certainly
not look the same! It's OK if they are different. Remember
that your map reflects the way you think about the subject,
which may be different from the way someone else thinks
about it. Did one of you put in something the other forgot?
Did one of you have an incorrect link between two items?
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10 Chapter 1

Interactions between proteins, water, and other molecules
influence cell structure and the mechanical properties of cells and
tissues. Mechanical properties you will encounter in your study of
physiology include compliance (ability to stretch), elastance (stiff-
ness or the ability to return to the unstretched state), strength,
flexibility, and fluidity (viscosity).

Compartmentation

Compartmentation is the division of space into separate compart-
ments, with or without obvious dividing walls. Compartments
allow a cell, a tissue, or an organ to specialize and isolate func-
tions. Each level of organization is associated with different types
of compartments. At the macroscopic level, the tissues and organs
of the body form discrete functional compartments, such as body
cavities or the insides of hollow organs. At the microscopic level,
cell membranes separate cells from the fluid surrounding them
and also create tiny compartments within the cell called organ-
elles. Compartmentation is the theme of Chapter 3.

Running Problem 1.3

Hiro looked at the results on the first page. He had heard of the
NIH, and knew it was the U.S. National Institutes of Health, run
by the federal government, so he clicked on www.nccih.nih.
gov. This link went to a page for the NIH-Sponsored National
Center for Complementary and Integrative Health (NCCIH). Hiro
decided to learn more about NCCIH by using the ABOUT link.
He used the SEARCH box to see what NCCIH said about
probiotics.

Q2: Go to www.nccih.nih.gov. What is the mission of NCCIH?

Q3: What does NCCIH say about whether probiotics are helpful
and whether they are safe?

Core Concept 2: Living Organisms
Need Energy

Growth, reproduction, movement, homeostasis—these and all
other processes that take place in an organism require the continu-
ous input of energy. Where does this energy come from, and how
is it stored? We will answer those questions and describe some of
the ways that energy in the body is used for building and break-
ing down molecules in Chapter 4. In subsequent chapters, you
will learn how energy is used to transport molecules across cell
membranes and to create movement.

Core Concept 3: Gradients
and Flow
A gradient {gradiens, to walk} is a gradual change in the value or

magnitude of a function over distance or over time. In physiology,
most of the gradients you will encounter represent a change in

magnitude from one location to another, such as from the begin-
ning to the end of a tube or between the inside and outside of a
cell. The gradients icon (Fig. 1.1) shows two gradients moving
from left to right: a decrease in size and a decrease in color inten-
sity. Three types of gradients are particularly important in physi-
ology: concentration (chemical) gradients, pressure gradients, and
electrical gradients. You may also encounter other gradients, such
as temperature gradients. Gradients are a form of stored (potential)
energy, and substances will move or flow down a gradient unless
there is a barrier blocking their movement.

Core Concept 4: Communication
Coordinates Body Functions

Communication is the transmission of information within or
between organisms. Information flow in living systems ranges
from the transfer of information stored in DNA from generation to
generation (genetics) to the flow of information within the body of
a single organism. At the organismal level, information flow
includes translation of DNA’s genetic code into proteins responsi-
ble for cell structure and function as well as the communication
signals between cells that coordinate function.

Cell-to-cell communication uses chemical signals, electrical
signals, or a combination of both. Information may go from one
cell to its neighbors (local communication) or from one part of the
body to another (long-distance communication). Chapter 5 looks
at the electrical gradients responsible for electrical signaling,
while Chapter 6 discusses chemical communication in the body.

When chemical signals reach their target cells, they must get
their information into the cell. Some molecules are able to pass
through the barrier of the cell membrane, but signal molecules
that cannot enter the cell must transfer their message across the
cell membrane. How molecules cross biological membranes is the
topic of Chapter 5, Chapter 6 looks at how chemical signals pass
their information across the cell membrane.

Core Concept 5: Homeostasis
Maintains Internal Stability

Organisms that survive in challenging habitats cope with external
variability by keeping their internal environment relatively stable,
an ability known as homeostasis {homeo-, similar + -stasis,
condition}. Homeostasis and regulation of the internal environ-
ment are key principles of physiology and form an underlying
core concept in each chapter of this book. The next section looks in
detail at the key elements of this important core concept.

1.4 Homeostasis

The concept of a relatively stable internal environment is attrib-
uted to the French physician Claude Bernard in the mid-1800s.
During his studies of experimental medicine, Bernard noted the
stability of various physiological functions, such as body tempera-
ture, heart rate, and blood pressure. As the chair of physiology at
the University of Paris, he wrote “La fixité du milieu intérieur est
la condition de la vie libre, indépendante.” (The constancy of the
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internal environment is the condition for a free and independent
life.)° This idea was applied to many of the experimental observa-
tions of his day, and it became the subject of discussion among
physiologists and physicians.

In 1929, an American physiologist named Walter B. Cannon
wrote a review for the American Physiological Society.® Using
observations made by numerous physiologists and physicians
during the nineteenth and early twentieth centuries, Cannon pro-
posed a list of variables that are under homeostatic control. We
now know that his list was both accurate and complete. Cannon
divided his variables into what he described as environmental
factors that affect cells (osmolarity, temperature, and pH) and
“materials for cell needs” (nutrients, water, sodium, calcium,
other inorganic ions, oxygen, as well as “internal secretions hav-
ing general and continuous effects”). Cannon’s “internal secre-
tions” are the hormones and other chemicals that our cells use to
communicate with one another.

In his essay, Cannon created the word homeostasis to describe
the regulation of the body’s internal environment. He explained
that he selected the prefix homeo- (meaning like or similar) rather
than the prefix homo- (meaning same) because the internal environ-
ment is maintained within a range of values rather than at an
exact fixed value. He also pointed out that the suffix -stasis in this
instance means a condition, not a state that is static and unchang-
ing. Cannon’s homeostasis, therefore, is a state of maintaining “a
similar condition,” similar to Claude Bernard’s relatively constant
internal environment.

Some physiologists contend that a literal interpretation of
stasis {a state of standing} in the word homeostasis implies a static,
unchanging state. They argue that we should use the word
homeodynamics instead, to reflect the small changes constantly
taking place in our internal environment {dynamikos, force or
power}. Whether the process is called homeostasis or
homeodynamics, the important concept to remember is that the
body monitors its internal state and takes action to correct
disruptions that threaten its normal function. Physiologists today
generally recognize 10 variables (TABLE 1.1) that the body
monitors and regulates to maintain homeostasis.

If the body fails to maintain homeostasis of the critical vari-
ables listed by Walter Cannon, then healthy function is disrupted
and a disease state, or pathological condition {pathos, suffering},
may result. Diseases fall into two general groups according to
their origin: those in which the problem arises from internal fail-
ure of some normal physiological process, and those that originate
from some outside source. Internal causes of disease include the
abnormal growth of cells, which may cause cancer or benign
tumors; the production of antibodies by the body against its own
tissues (autoimmune diseases); and the premature death of cells
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or the failure of cell processes. Inherited disorders are also consid-
ered to have internal causes. External causes of disease include
toxic chemicals, physical trauma, and foreign invaders such as
viruses and bacteria.

In both internally and externally caused diseases, when
homeostasis is disturbed, the body attempts to compensate
(FIG. 1.5). If the compensation is successful, homeostasis is
restored. If compensation fails, illness or disease may result.
The study of body functions in a disease state is known as
pathophysiology. You will encounter many examples of patho-
physiology as we study the various systems of the body.

One very common pathological condition in the United States
is diabetes mellitus, a metabolic disorder characterized by abnor-
mally high blood glucose concentrations. Although we speak of
diabetes as if it were a single disease, it is actually a whole family
of diseases with various causes and manifestations. You will learn
more about diabetes in the focus boxes scattered throughout the
chapters of this book. The influence of this one disorder on many
systems of the body makes it an excellent example of the integra-
tive nature of physiology.

What Is the Body’s Internal
Environment?

Claude Bernard wrote of the “constancy of the internal environ-
ment,” but why is constancy so essential? As it turns out, most
cells in our bodies are not very tolerant of changes in their sur-
roundings. In this way they are similar to early organisms that
lived in tropical seas, a stable environment where salinity, oxygen
content, and pH vary little and where light and temperature cycle
in predictable ways. The internal composition of these ancient
creatures was almost identical to that of seawater. If environmen-
tal conditions changed, conditions inside the primitive organisms
changed as well. Even today, marine invertebrates cannot tolerate
significant changes in salinity and pH, as you know if you have
ever maintained a saltwater aquarium.

In both ancient and modern times, many marine organisms
relied on the constancy of their external environment to keep their
internal environment in balance. In contrast, as organisms evolved
and migrated from the ancient seas into estuaries, then into freshwa-
ter environments and onto the land, they encountered highly vari-
able external environments. Rains dilute the salty water of estuaries,
and organisms that live there must cope with the influx of water into
their body fluids. Terrestrial organisms, including humans, face the
challenge of dehydration—constantly losing internal water to the
dry air around them. Keeping the internal environment stable
means balancing water loss with appropriate water intake.

Table 1.1 Regulated Physiological Variables

Blood gases Blood solutes

= Oxygen e Potassium K*

o Carbon dioxide e Calcium Ca?*
= Hydrogen H* (pH)
® Glucose

Arterial blood pressure
Blood volume

Blood osmolarity

Body temperature (core)
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Fig. 1.5 Homeostasis
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But what exactly is the internal environment of the body? For
multicellular animals, it is the watery internal environment that
surrounds the cells, a “sea within” the body called the extracellu-
lar fluid (ECF) {extra-, outside of} (FIG. 1.6). Extracellular fluid
serves as the transition between an organism'’s external environ-
ment and the intracellular fluid (ICF) inside cells {intra-, within}.
Because extracellular fluid is a buffer zone between cells and the
outside world, elaborate physiological processes have evolved to
keep its composition relatively stable.

When the extracellular fluid composition varies outside its
acceptable range of values, compensatory mechanisms are activated
in an attempt to return the fluid to its usual state. For example, when
you drink a large volume of water, the dilution of your extracellular
fluid triggers a mechanism that causes your kidneys to remove
excess water and protect your cells from swelling. Most cells of mul-
ticellular animals do not tolerate much change. They depend on the
constancy of extracellular fluid to maintain their function.

Homeostasis Depends on Mass
Balance

In the 1960s, a group of conspiracy theorists obtained a lock of
Napoleon Bonaparte’s hair and sent it for chemical analysis in an
attempt to show that he died from arsenic poisoning. Today, a
group of students sharing a pizza joke about the garlic odor on
their breath. At first glance these two scenarios appear to have lit-
tle in common, but in fact Napoleon’s hair and “garlic breath”
both demonstrate how the human body works to maintain the
balance that we call homeostasis.

The human body is an open system that exchanges heat and
materials with the outside environment. To maintain homeostasis,
the body must maintain mass balance. We will consider mass bal-
ance to be another of our core concepts in physiology (Fig. 1.1).

The law of mass balance says that if the amount of a sub-
stance in the body is to remain constant, any gain must be offset
by an equal loss (FIG. 1.7a). The amount of a substance in the
body is also called the body’s load, as in “sodium load.”

For example, water loss to the external environment (output)
in sweat and urine must be balanced by water intake from the
external environment plus metabolic water production (input).
The concentrations of other substances, such as oxygen and car-
bon dioxide, salts, and hydrogen ions (pH), are also maintained
through mass balance. The following equation summarizes the
law of mass balance:

Total amount of substance x in the body

= intake 4+ production — excretion — metabolism

Most substances enter the body from the outside environment,
but some (such as carbon dioxide) are produced internally
through metabolism (Fig. 1.7b). In general, water and nutrients
enter the body as food and drink absorbed through the intestine.
Oxygen and other gases and volatile molecules enter through the
lungs. A few lipid-soluble chemicals make their way to the inter-
nal environment by penetrating the barrier of the skin.

To maintain mass balance, the body has two options for
output. The simplest option is simply to excrete the material.
Excretion is defined as the elimination of material from the body,
usually through the urine, feces, lungs, or skin. For example,
carbon dioxide (CO, ) produced during metabolism is excreted by
the lungs. Many foreign substances that enter the body, such as
drugs or artificial food additives, are excreted by the liver and
kidneys. (Any foreign substance in the body is called a xenobiotic,
from the Greek word xenos, a stranger.)

A second output option for maintaining mass balance is to
convert the substance to a different substance through metabolism.
Nutrients that enter the body become the starting point for
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Fig. 1.6 Internal and external environments
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metabolic pathways that convert the original nutrient to a
different molecule. However, converting the original nutrient to
something different then creates a new mass balance disturbance
by adding more of the new substance, or metabolite, to the body.
(Metabolite is the general term for any product created in a
metabolic pathway.)

Mass Flow

Scientists use mass flow to follow material throughout the body.
Mass flow describes the rate of transport of a substance x as it

(b) A box diagram represents the ECF, ICF, and external
environment as three separate compartments.

External <«—— Extracellular «<——— Intracellular
environment —> fluid (ECF) ———» fluid (ICF)

FIGURE QUESTION
Put a * on the cell membrane
of the box diagram.

moves through body fluids or into and out of the body. The equa-
tion for mass flow is

Mass flow (amount x/min)

= concentration of x (amount x/vol) x volume flow (vol/min)

where volume flow describes the flow rate of a volume of blood,
air, urine, and the like.

For example, suppose a person is given an intravenous
(IV) infusion of glucose solution that has a concentration of
50 grams of glucose per liter of solution. If the infusion is given

Fig. 1.7 Mass balance
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at a rate of 2 milliliters per minute, the mass flow of glucose
into the body is:

50 g glucose
1000 mL solution

x 2 mL solution/min = 0.1 g glucose/min

The rate of glucose input into the body is 0.1 g glucose/min.

Mass flow applies not only to the entry, production, and
removal of substances but also to the movement of substances
from one compartment in the body to another. When materials
enter the body, they first become part of the extracellular fluid.
Where a substance goes after that depends on whether or not it
can cross the barrier of the cell membrane and enter the cells.

Running Problem 1.4

Hiro wondered if there was another option for finding more
information about probiotics, so he asked Jennifer, a friend who
had just started graduate school in Public Health, how she
would search. “l usually start with Google Scholar (scholar.
google.com) rather than just googling. Google Scholar only
shows you scholarly literature, so you won’t get all the websites
that are trying to sell you something. Or if you want to search
the way scientists and healthcare professionals do, then try
PubMed (www.pubmed.gov), the free database published by
the U.S. National Library of Medicine.” Hiro entered probiotics
into Google Scholar and then repeated the same search in
PubMed. “This is still way too much information,” Hiro thought.
“Surely there are ways to narrow this down.”

Q4: Repeat Hiro’s searches in Google Scholar and PubMed.
Compare the number of results from these searches to the
244 million results from the simple Google search.

Q5: One way to get fewer results is to limit the results to only
recent papers. Use the options in the left sidebar of the Google
Scholar and PubMed pages and limit the search to the last
5 years. Now how many results are there?

Excretion and Metabolism Clear
Substances from the Body

It is relatively easy to monitor how much of a substance enters the
body from the outside world, but it is more difficult to track mol-
ecules inside the body to monitor their excretion or metabolism.
Instead of directly measuring the substance, we can follow the
rate at which the substance disappears from the blood, a concept
called clearance. Clearance is usually expressed as a volume of
blood cleared of substance x per unit of time. For this reason, clear-
ance is only an indirect measure of how substance x is handled by
the body.

Clearance cannot tell you if the substance is disappearing by
excretion or metabolism or by both. For example, urea is a normal
metabolite produced from protein metabolism. A typical value for

urea clearance is 70 mL plasma cleared of urea per minute, writ-
ten as urea clearance = 70 mL plasma/min. Knowing the rate at
which urea disappears does not tell us anything about where urea
is going. (It is being excreted by the kidneys.)

The kidney and the liver are the two primary organs that
clear solutes from the body. Hepatocytes {hepaticus, pertaining to
the liver + cyte, cell}, or liver cells, metabolize many different
types of molecules, especially xenobiotics such as drugs. The
resulting metabolites may be secreted into the intestine for
excretion in the feces or released into the blood for removal by
the kidneys. Pharmaceutical companies testing chemicals for
their potential use as therapeutic drugs must know the clearance
of the chemical before they can develop the proper dosing
schedule.

Clearance also takes place in tissues other than the liver and
kidneys. Saliva, sweat, breast milk, and hair all contain substances
that have been cleared from the body. Salivary secretion of the
hormone cortisol provides a simple noninvasive source of hor-
mone for monitoring chronic stress.

An everyday example of clearance is “garlic breath,” which
occurs when volatile lipid-soluble garlic compounds in the blood
pass into the airways and are exhaled. The lungs also clear etha-
nol in the blood: exhaled alcohol is the basis of the “breathalyzer”
test used by law enforcement agencies. Drugs and alcohol secreted
into breast milk are potentially dangerous because a breastfeeding
infant will ingest these substances.

The 1960s analysis of Napoleon Bonaparte’s hair tested it for
arsenic because hair follicles help clear some compounds from the
body. The test results showed significant concentrations of the
poison in his hair, but the question remains whether Napoleon
was murdered, poisoned accidentally, or died from stomach
cancer.

Concept Check

1. If a person eats 12 milligrams (mg) of salt in a day and excretes
11 mg of it in the urine, what happened to the remaining 1 mg?

2. Glucose is metabolized to CO, and water. Explain the effect of
glucose metabolism on mass balance in the body.

Homeostasis Does Not Mean
Equilibrium

When physiologists talk about homeostasis, they are speaking of
the stability of the body’s internal environment—in other words,
the stability of the extracellular fluid compartment (ECF). One
reason for focusing on extracellular fluid homeostasis is that it is
relatively easy to monitor by taking a blood sample. When you
centrifuge blood, it separates into two parts: plasma, the fluid
component, plus the heavier blood cells. Plasma is part of the
extracellular fluid compartment, and its composition can be easily
analyzed. It is much more difficult to follow what is taking place
in the intracellular fluid compartment (ICF), although cells do
maintain cellular homeostasis.
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Fig. 1.8 Steady-state disequilibrium
Steady-state disequilibrium
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In a state of homeostasis, the composition of both body compart-
ments is relatively stable. This condition is a dynamic steady state.
The modifier dynamic indicates that materials are constantly moving
back and forth between the two compartments. In a steady state,
there is no net movement of materials between the compartments.

Steady state is not the same as equilibrium {aequus,
equal + libra, balance}, however. Equilibrium implies that the
composition of the body compartments is identical. If we examine
the composition of the ECF and ICF, we find that the concentra-
tions of many substances are different in the two compartments
(FIG. 1.8). For example, sodium (Na*) and chloride (Cl~) are far
more concentrated in the ECF than in the ICE, while potassium
(K+) is most concentrated in the ICE. Because of these concentra-
tion differences, the two fluid compartments are not at equilib-
rium. Instead the ECF and ICF exist in a state of relatively stable
disequilibrium {dis- is a negative prefix indicating the opposite of
the base noun}. For living organisms, the goal of homeostasis is to
maintain the dynamic steady states of the body’s compartments,
not to make the compartments the same.

1.5 Control Systems and
Homeostasis

In their simplest form, all control systems have three components
(FIG. 1.9): (1) an input signal; (2) a controller, or integrating center
{integrare, to restore}, that integrates incoming information and
initiates an appropriate response; and (3) an output signal that creates
a response. Long-distance reflex control systems are more complex
than this simple model, however, as they may include input from
multiple sources and have output that acts on multiple targets.

Fig. 1.9 A simple control system

A simple control system

Input
signal

Local Control Is Restricted
to a Tissue

The simplest form of control is local control, which is restricted to
the tissue or cell involved (FIG. 1.10). In local control, a relatively
isolated change occurs in a tissue. A nearby cell or group of cells
senses the change in their immediate vicinity and responds, usu-
ally by releasing a chemical. The response is restricted to the
region where the change took place—hence the term local control.
One example of local control can be observed when oxygen
concentration in a tissue decreases. Cells lining the small blood
vessels that bring blood to the area sense the lower oxygen
concentration and respond by secreting a chemical signal. The
signal molecule diffuses to nearby muscles in the blood vessel

Fig. 1.10 Local control and reflex control
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wall, bringing them a message to relax. Relaxation of the muscles
widens (dilates) the blood vessel, which increases blood flow into
the tissue and brings more oxygen to the area.

Reflex Control Uses Long-Distance
Signaling

Changes that are widespread throughout the body, or systemic in
nature, require more complex control systems. For example, main-
taining blood pressure to drive blood flow throughout the body is
a systemic issue rather than a local one. Because blood pressure is
body-wide, maintaining it requires long-distance communication
and coordination. We will use the term reflex control to mean any
long-distance pathway that uses the nervous system, endocrine
system, or both. Chapter 6 discusses different reflex pathways in
more detail. It is important to note that not all reflexes are homeo-
static! For example, the knee jerk reflex (patellar tendon reflex),
where your lower leg kicks out after a tap just below the kneecap,
is a reflex but it has nothing to do with homeostasis.

Physiological reflexes can be represented by response loops
(FIG. 1.11). As with the simple control system just described, a
response loop has three primary components: an input signal, an
integrating center to integrate the signal, and an output signal. These
three components can be expanded into the following sequence of
seven steps to form a pattern that is found with slight variations
in all reflex pathways:

Stimulus — sensor — input signal —
integrating center —

output signal — target — response

The input side of the response loop starts with a stimulus—
the change that occurs when the regulated variable moves out of
its desirable range. A specialized sensor monitors the variable. If
the sensor is activated by the stimulus, it sends an input signal to
the integrating center. The integrating center evaluates the infor-
mation coming from the sensor and initiates an output signal. The
output signal directs a target to carry out a response.

Fig. 1.11 The steps in a reflex pathway
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In mammals, integrating centers are usually part of the ner-
vous system or endocrine system. Output signals may be chemi-
cal signals, electrical signals, or a combination of both. The targets
activated by output signals can be any cell of the body. If the reflex
ends with the response, such as the knee-jerk reflex, the reflex is
considered an open-loop control system. Open response loops
are not homeostatic. A closed-loop control system has feedback,
where the pathway’s response “feeds back” to inform the sensor
that a change has occurred. You will encounter both open and
closed response loops as you study physiology, but homeostasis
requires closed response loops with negative feedback.

Homeostasis Requires Monitored
Variables

To maintain homeostasis, the human body monitors certain key
functions, such as blood pressure and blood glucose concentration,
that must stay within a particular operating range if the body is to
remain healthy (Tbl. 1.1). These important regulated variables
(monitored variables) are kept within their acceptable (normal)
range by long-distance reflex control mechanisms that kick in if
the variable ever strays too far from its setpoint, or preferred
value.

To illustrate closed response loops and homeostasis, let’s
apply the concept to a simple nonbiological example. Think about
an aquarium whose heater is programmed to maintain the water
temperature (the regulated variable) at 30 °C (Fig. 1.11). The room
temperature is 25 °C. The desired water temperature (30 °C) is
the setpoint for the regulated variable.

Assume that initially the aquarium water is at room tempera-
ture, 25 °C. When you turn the control box on, you set the
response loop in motion. The thermometer (sensor) registers a
temperature of 25 °C. It sends this information through a wire
(input signal) to the control box (integrating center). The control
box is programmed to evaluate the incoming temperature signal,
compare it with the setpoint for the system (30 °C), and “decide”
whether a response is needed to bring the water temperature up
to the setpoint. The control box sends a signal through another
wire (output signal) to the heater (the target), which turns on and
starts heating the water (response). This sequence—from stimulus
to response—is the response loop.

This aquarium example involves a variable (temperature)
controlled by a single control system (the heater). We can also
describe a system that is under dual control. For example, think of
a house that has both heating and air conditioning. The owner
would like the house to remain at 70 °F (about 21 °C). On chilly
autumn mornings, when the temperature in the house falls, the
heater turns on to warm the house. Then, as the day warms up,
the heater is no longer needed and turns off. When the sun heats
the house above the setpoint, the air conditioner turns on to cool
the house back to 70 °F. The heater and air conditioner have antag-
onistic control over house temperature because they work in oppo-
sition to each other. Similar situations occur in the human body
when two branches of the nervous system or two different hor-
mones have opposing effects on a single target.
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Concept Check

3. What is the drawback of having only a single control system
(a heater) for maintaining aquarium water temperature in some
desired range?

Feedback Loops Modulate the
Response Loop

The response loop is only the first part of many reflexes. For
example, in the aquarium just described, the sensor sends
temperature information to the control box, which recognizes that
the water is too cold. The control box responds by turning on the
heater to warm the water. Once the response starts, what keeps
the heater from sending the temperature up to, say, 50 °C?

The answer is a feedback loop, where the response “feeds
back” to influence the input portion of the pathway. In the aquarium
example, turning on the heater increases the temperature of the
water. The sensor continuously monitors the temperature and
sends that information to the control box. When the control box
gets feedback that the temperature has warmed up to the maximum
acceptable value, it shuts off the heater, ending the reflex response.

Negative Feedback Loops Are
Homeostatic

For most reflexes, feedback loops are homeostatic—that is,
designed to keep the system at or near a setpoint so that the
regulated variable is relatively stable. How well an integrating
center succeeds in maintaining stability depends on the sensitivity
of the system. In the case of our aquarium, the control box is
programmed to have a sensitivity of +£1°C. If the water
temperature drops from 30 °C to 29.5 °C, it is still within the
acceptable range, and no response occurs. If the water temperature
drops below 29 °C (30 — 1), the control box turns the heater on
(FIG. 1.12). As the water heats up, the control box constantly
receives information about the water temperature from the sensor.
When the water reaches 31 °C (30 £ 1), the upper limit for the
acceptable range, the feedback loop causes the control box to turn
the heater off. The water then gradually cools off until the cycle
starts all over again. The end result is a regulated variable that
oscillates {oscillare, to swing} around the setpoint.

In physiological systems, some sensors are more sensitive
than others. For example, the sensors that trigger reflexes to
conserve water activate when blood concentration increases only
3% above the acceptable range, but the sensors for low oxygen in
the blood will not respond until oxygen has decreased by 40%.

A pathway in which the response opposes or removes
the signal is known as negative feedback (FIG. 1.13a). Negative
feedback loops stabilize the regulated variable and thus aid
the system in maintaining homeostasis. In the aquarium example,
the heater warms the water (the response) and removes the
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Fig. 1.12 Oscillation around the setpoint

Oscillation around the setpoint

Most functions that maintain homeostasis have a
setpoint, or normal value. The response loop that
controls the function activates when the function
moves outside a predetermined normal range.
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stimulus (low water temperature). With loss of the stimulus for
the pathway, the response loop shuts off. Negative feedback loops
can restore the usual state but cannot prevent the initial disturbance.

Positive Feedback Loops Are
Not Homeostatic

A few reflex pathways are not homeostatic. In a positive feedback
loop, the response reinforces the stimulus rather than decreasing or
removing it. In positive feedback, the response sends the regulated

variable even farther from its usual value. This initiates a vicious
cycle of ever-increasing response and sends the system
temporarily out of control (Fig. 1.13b). Because positive feedback
escalates the response, this type of feedback requires some
intervention or event outside the loop to stop the response.

One example of a positive feedback loop involves the
hormonal control of uterine contractions during childbirth
(FIG. 1.14). When the baby is ready to be delivered, it drops lower
in the uterus and begins to put pressure on the cervix, the opening
of the uterus. Sensory signals from the cervix to the brain cause
release of the hormone oxyfocin, which causes the uterus to
contract and push the baby’s head even harder against the cervix,
further stretching it. The increased stretch causes more oxytocin
release, which causes more contractions that push the baby harder
against the cervix. This cycle continues until finally the baby is
delivered, releasing the stretch on the cervix and stopping the
positive feedback loop.

Concept Check

4. Does the aquarium heating system in Figure 1.11 operate using
positive feedback or negative feedback?

Feedforward Control Allows the
Body to Anticipate Change

Negative feedback loops can stabilize a function and maintain it
within an acceptable range but are unable to prevent the change
that triggered the reflex in the first place. A few reflexes have
evolved that enable the body to predict that a change is about to
occur and start the response loop in anticipation of the change.
These anticipatory responses are called feedforward control.

Fig. 1.13 Negative and positive feedback

- Nt_egative and _positive_ fee«_dback Ioo_ps

(a) Negative feedback:
The response counteracts the stimulus,
shutting off the response loop.
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(b) Positive feedback:
The response reinforces the stimulus,
sending the variable farther from the setpoint.
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Fig. 1.14 A positive feedback loop
A positive feedback loop

Baby drops lower in
uterus to initiate labor.
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@ Feedback loop
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_________________ | Delivery of baby
- - 77777 stops the cycle.

An easily understood physiological example of feedforward
control is the salivation reflex. The sight, smell, or even the
thought of food is enough to start our mouths watering in expec-
tation of eating the food. This reflex extends even further, because
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the same stimuli can start the secretion of hydrochloric acid as the
stomach anticipates food on the way. One of the most complex
feedforward reflexes appears to be the body’s response to exercise
discussed in Chapter 25.

Biological Rhythms Result from
Changes in a Setpoint

As discussed earlier, each regulated variable has an acceptable
range within which it can vary without triggering a correction. In
physiological systems, the setpoints for many regulated variables
are different from person to person, or may change for the same
individual over a period of time. Factors that influence an individ-
ual’s setpoint for a given variable include normal biological
rhythms, inheritance, and the conditions to which the person has
become accustomed.

Regulated variables that change predictably and create
repeating patterns or cycles of change are called biological
rhythms, or biorhythms. The timing of many biorhythms coincides
with a predictable environmental change, such as daily light-dark
cycles or the seasons. Biological rhythms reflect changes in the set-
point of the regulated variable.

For example, all animals exhibit some form of daily biological
rhythm, called a circadian rhythm {circa, about + dies, day}.
Humans have circadian rhythms for many body functions,
including blood pressure, body temperature, and metabolic
processes. For example, body temperature peaks in the late
afternoon and declines dramatically in the early hours of the
morning (FIG. 1.15a). Have you ever been studying late at night
and noticed that you feel cold? This is not because of a drop in
environmental temperature but because your thermoregulatory
reflex has turned down your internal thermostat.

One of the interesting correlations between circadian
rhythms and behavior involves body temperature. Researchers
found that self-described “morning people” have temperature
rhythms that cause body temperature to climb before they wake

Fig. 1.15 Circadian rhythms in humans

Circadian rhythms in humans

(a) Body temperature is lowest in the early morning and
peaks in the late afternoon and early evening. Data from
WE Scales et al., J Appl Physiol 65(4): 1840-1846, 1998.

Oral body temperature (°C)

Midnight Noon Midnight Noon Midnight

(b) Plasma cortisol is lowest during sleep and peaks
shortly after awakening. Data from L Weibel et al., Am
J Physiol Endocrinol Metab 270: E608-E613, 1996.

Plasma cortisol (mg/dL) —

Midnight Noon Midnight Noon Midnight

Get FULL Ebook order By email at palemonking@gmail.com or Telegram at https://t.me/meghareddy/



20 Chapter 1

up in the morning, so that they get out of bed prepared to face
the world. On the other hand, “night people” may be forced by
school and work schedules to get out of bed while their body
temperature is still at its lowest point, before their bodies are
prepared for activity. These night people are still going strong
and working productively in the early hours of the morning,
when the morning people’s body temperatures are dropping
and they are fast asleep.

Many hormones in humans have blood concentrations that
fluctuate predictably in a 24-hour cycle. Cortisol, growth hor-
mone, and the sex hormones are among the most noted examples.
A cortisol concentration in a 9:00 AM sample might be nearly
twice as high as one taken in the early afternoon (Fig. 1.15b).

If a patient has a suspected abnormality in hormone secre-
tion, it is therefore important to know when hormone levels are
measured. A concentration that is normal at 9:00 AM is high at
2:00 PM. One strategy for avoiding errors due to circadian fluctu-
ations is to collect information for a full day and calculate an aver-
age value over 24 hours. For example, cortisol secretion is
estimated indirectly by measuring all urinary cortisol metabolites
excreted in 24 hours.

What is the adaptive significance of functions that vary with
a circadian rhythm? Our best answer is that biological rhythms
create an anticipatory response to a predictable environmental
variable. There are seasonal rhythms of reproduction in many
organisms. These rhythms are timed so that the offspring have
food and other favorable conditions to maximize survival.

Circadian rhythms cued by the light-dark cycle may corre-
spond to rest-activity cycles. These rhythms allow our bodies to
anticipate behavior and coordinate body processes accordingly.
You may hear people who are accustomed to eating dinner at
6:00 PM say that they cannot digest their food if they wait until
10:00 PM to eat because their digestive system has “shut down”
in anticipation of going to bed.

Some variability in setpoints is associated with changing
environmental conditions rather than biological rhythms. The
adaptation of physiological processes to a given set of
environmental conditions is known as acclimatization when it
occurs naturally. If the process takes place artificially in a
laboratory setting, it is called acclimation. Each winter, people
in the upper latitudes of the northern hemisphere go south in
February, hoping to escape the bitter subzero temperatures and
snows of the northern climate. As the northerners walk around
in 40 °F (about 4 °C) weather in short-sleeve shirts, the
southerners, all bundled up in coats and gloves, cannot
understand why: the weather is cold! The difference in behavior
is due to different temperature acclimatization, a difference in
the setpoint for body temperature regulation that is a result of
prior conditioning.

Biorhythms and acclimatization are complex processes that
scientists still do not completely understand. Some rhythms arise
from special groups of cells in the brain and are reinforced by
information about the light-dark cycle that comes in through the
eyes. Some organs outside the nervous system generate their own
rhythms of protein synthesis and breakdown. Research in simpler
animals such as flies is helping explain the molecular basis for
biological rhythms. We discuss the cellular and molecular basis
for circadian rhythms in Chapter 10.

Running Problem 1.5

Most of the articles Hiro found in PubMed and Google Scholar
seemed to be focused on detailed descriptions of experiments.
“Is there any way to find papers that are not so complicated?”
he asked Jennifer.

“Well, when I'm trying to learn about a new topic, | look for
review articles, which are summaries of recent research. Both
Google Scholar and PubMed have options that let you limit your
results to show only review articles.” Hiro went back to PubMed
and Google Scholar to see if this would help him find the
information he was looking for.

Jennifer had also mentioned using artificial intelligence to
answer the question. “But you need to be cautious and always
verify what an Al program tells you.” Hiro went to ChatGPT
(chat.openai.com) and typed “What does research say about
taking probiotics?”

Q6: On the Google Scholar and PubMed pages with results from
the last 5 years, select the option for review articles. Now how
many results are there?

Q7: Replicate Hiro’s search in ChatGPT or another Al program.
What does Al say about taking probiotics?

] 1.6 The Science of

Physiology

How do we know what we know about the physiology of the
human body? The first descriptions of physiology came from
simple observations. But physiology is an experimental science,
one in which researchers generate hypotheses {hypotithenai, to
assume; singular hypothesis}, or logical guesses, about how events
take place. They test their hypotheses by designing experiments
to collect evidence that supports or disproves their hypotheses,
and they publish the results of their experiments in the scientific
literature. Healthcare providers look in the scientific literature for
evidence from these experiments to help guide their clinical
decision-making. Critically evaluating the scientific evidence in
this manner is a practice known as evidence-based medicine.
Observation and experimentation are the key elements of
scientific inquiry.

Good Scientific Experiments Must
Be Carefully Designed

A common type of biological experiment either removes or alters
some variable that the investigator thinks is an essential part of an
observed phenomenon. That altered variable is the independent
variable. For example, a biologist notices that birds at a feeder
seem to eat more in the winter than in the summer. She generates
a hypothesis that cold temperatures cause birds to increase their
food intake. To test her hypothesis, she designs an experiment in
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which she keeps birds at different temperatures and monitors
how much food they eat. In her experiment, temperature, the
manipulated element, is the independent variable. Food intake,
which is hypothesized to be dependent on temperature, becomes
the dependent variable.

Concept Check

5. Students in the laboratory run an experiment in which they drink
different volumes of water and measure their urine output in the
hour following drinking. What are the independent and depend-
ent variables in this experiment?

An essential feature of any experiment is an experimental
control. A control group is usually a duplicate of the experimental
group in every respect except that the independent variable is not
changed from its initial value. Ideally, all other conditions are kept
identical in the control and experimental groups, and those factors
are considered controlled variables. For example, in the bird-
feeding experiment, the control group would be a set of birds
maintained at a warm summer temperature but otherwise treated
exactly like the birds held at cold temperatures. The purpose of
the control group is to ensure that any observed changes are due
to the manipulated variable and not to changes in some other
variable. For example, suppose that in the bird-feeding experi-
ment food intake increased after the investigator changed to a dif-
ferent food. Unless she had a control group that was also fed the
new food, the investigator could not determine whether the
increased food intake was due to temperature or to the fact that
the new food was more palatable. The type of food fed to the birds
would be a controlled variable.

During an experiment, the investigator carefully collects
information, or data {plural; singular datum, a thing given}, about
the effect that the manipulated (independent) variable has on the
observed (dependent) variable. Once the investigator feels that
she has sufficient information to draw a conclusion, she begins to
analyze the data. Analysis can take many forms and usually
includes statistical analysis to determine if apparent differences
are statistically significant. A common format for presenting data
is a graph (FIG. 1.16).

If one experiment supports the hypothesis that cold causes
birds to eat more, then the experiment should be repeated to
ensure that the results were not an unusual one-time event. This
step is called replication. When the data support a hypothesis in
multiple experiments, the hypothesis may become a working
model. A model with substantial evidence from multiple investi-
gators supporting it may become a scientific theory.

Most information presented in textbooks like this one is based
on models that scientists have developed from the best available
experimental evidence. On occasion, investigators publish new
experimental evidence that does not support a current model. In
that case, the model must be revised to fit the available evidence.
For this reason, you may learn a physiological “fact” while using
this textbook, but in 10 years that “fact” may be inaccurate because
of what scientists have discovered in the interval.
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For example, in 1970, students learned that the cell mem-
brane was a “butter sandwich,” a structure composed of a layer of
fats sandwiched between two layers of proteins. In 1972, however,
scientists presented a very different model of the membrane, in
which globules of proteins float within a double layer of fats. As a
result, students who had learned the butter sandwich model had
to revise their mental model of the membrane.

Where do our scientific models for human physiology come
from? We have learned much of what we know from experiments
on animals ranging from fruit flies and squid to rats. In many
instances, the physiological processes in such animals are either
identical to those taking place in humans or else similar enough
that we can extrapolate from the animal model to humans. It is
important to use nonhuman models because experiments using
human subjects can be difficult to perform.

However, not all studies done on animals can be applied to
humans. For example, an antidepressant drug that Europeans had
used safely for years was undergoing stringent testing required
by the U.S. Food and Drug Administration before it could be sold
in this country. When beagle dogs were given the drug for a
period of months, the dogs started dying from heart problems.
Scientists were alarmed until further research showed that beagles
have a unique genetic makeup that causes them to break down
the drug into a more toxic substance. The drug was perfectly safe
in other breeds of dogs and in humans, and it was subsequently
approved for human use.

The Results of Human
Experiments Can Be Difficult
to Interpret

Many reasons make it difficult to carry out physiological experi-
ments in humans, including variability, psychological factors, and
ethical considerations.

Variability

Human populations have tremendous genetic and environmental
variability. It has been traditional in medicine to talk about
“normal values” for body functions, but what is “normal” for one
person may not be “normal” for someone else. When possible, it is
better to use the word typical or healthy although you will still
encounter normal in tables and discussions of variables that can be
quantified, such as blood glucose concentrations. Physiology
books usually present average values for many physiological
variables, such as blood pressure, but these average values simply
represent a number that falls somewhere near the middle of a
wide range of values.

The variability found in human populations can make it
difficult to show significant differences between experimental and
control groups in a human experiment. Ideally, an investigator
would have to include a large number of identical subjects in a
study. However, getting two groups of people who are identical in
every respect is impossible. Instead, the researcher must attempt
to recruit subjects who are similar in as many aspects as possible.
You may have seen newspaper advertisements requesting
research volunteers: “Healthy males between 18 and 25,
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Fig. 1.16 Focus on . .. Graphing

Focus on... Graphing

Graphs are pictorial representations of the relationship
between two (or more) variables, plotted in a rectangu-
lar region. Graphs present a large amount of numerical
data in a small space, emphasize comparisons
between variables, or show trends over time.

A viewer can extract information much more rapidly from a
graph than from a table of numbers or from a written description.
A well-constructed graph should contain (in very abbreviated
form) everything the reader needs to know about the data,
including the purpose of the experiment, how the experiment
was conducted, and the results.

All scientific graphs have common features.

The horizontal axis is called the x-axis.
The vertical axis is called the y-axis.

The intersection of the two axes is called the
origin. The origin usually, but not always, has
a value of zero for both axes.

The simplest way to know what most graphs
mean is the substitute the labels on the X and
Y axes into the following sentence:

The effect of [X] on [Y]

The x-axis shows values of the variable
manipulated by the experimenter. This is
called the independent variable.

Dependent variable (units)

The y-axis shows the variable measured by
the experimenter. It is called the dependent
variable.

If the experimental design is valid and the
hypothesis is correct, changes in the
independent variable (x-axis) will cause
changes in the dependent variable (y-axis).

In other words, y is a function of x, or
mathematically, y = f(x).

Most graphs you will encounter in physiology display
data either as bars (bar graphs or histograms), as
lines (line graphs), or as dots (scatter plots). Some
typical types of graphs are shown here.

Here's one approach to reading graphs:

1. Read the title and legend. These are a
capsule summary of the graph’s contents.

2. Read the axis labels and put them into the
sentence
The effect of [X] on [Y].
3. Look for trends in the graph. Are lines

horizontal or do they have a slope? Are bars
the same height or different heights?

A graph should have a title (usually put above the graph) or legend
below the graph. These describe what the graph represents.

y-axis
o] ! 1 ! 1 iy
| uni o Group A
-’— 1 unit X Group B
X X
I T T A key shows what each
I 1 s | symbol or color on the
. > graph represents.
| . 4
. 1 unit|
i I
T T T T T } X-axis
Independent variable (units)

Each axis of a graph is divided into units represented by evenly
spaced tick marks on the axis.

Each axis has a label that tells

* what variable the axis represents (time, temperature,
amount of food consumed)

= the units of the axis (days, degrees Celsius, grams per day).

Bar graphs are used when the independent variables are distinct
entities. Each bar represents a different variable. The bars are
lined up side by side so that they can easily be compared with
one another. Scientific bar graphs traditionally have vertical bars.

8
7 -

6
5 -t
4 il -
3 ]
2 —
3 _? GRAPH QUESTION
1. Which food did the
A B Cc
Diet

Food intake (g/day)

canaries prefer?

Canaries were fed one of three diets and their
food intake was monitored for three weeks.
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time, temperature, or weight.

¢ Each point on the graph represents the
average of a set of observations.

s Because the independent variable is a
continuous function, the points can be
connected with a line (point-to-point
connections or a mathematically calculated
“best fit” line or curve).

* The slope of the line between two points
represents the rate at which the variable
changed.

= Connecting the points with lines allows the
reader to interpolate, or estimate values
between the measured values.

Line graphs are used when the independent variable
on the x-axis is a continuous phenomenon, such as

60 I KEY
50 -] Males —  — i —
8 /"""' Females == @-== @ =~
L
% 40 - -
g ./I/' P LT )
2, 30 /.' - = 1
=) -
=] .8
@ 20 i ki
1 L. GRAPH QUESTION
10—'- . . 2. When did male mice increase
et their body weight the fastest?
*” |
T T
o 1 2 3 4 & 5] 7

Male and female mice were fed a standard diet and weighed daily.

Scatter plots show the relationship between
two variables, such as time spent studying
for an exam and performance on that exam.

e Usually each point on the plot represents
one member of a test population.

¢ Individual points on a scatter plot are
never connected by a line, but a “best fit”
line or curve may indicate a trend in the
data.
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a0 - i ROV Sl )
80 ///
g R
< 60 /11 ) GRAPH QUESTIONS
8 50 P For the line graph and scatter plot,
] t // . answer the following:
E 40 - 3. What was the investigator
il / r trying to determine?
30 i o =il 4. What are the independent
20 and dependent variables?
1 5. What are the trends
10 indicated by the data?
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2 4 6 8 10 12

Time spent studying (hours)

Student scores were directly related to the amount of time they spent studying.

Try It!
Graphing

Resting heart rate

Post exercise heart

Students in a physiology labo- |
ratory collected heart rate data . i ¥
on one another. In each case, Subject | Sex | Age (beats/min) rate (beats/min)
heart rate was measured flr.st 1 M 20 58 )
for the subject at rest and again
after the subject had exercised 2 M 21 62 110
for 5 minutes using a step test. 3 F 19 70 111
Data from the experiment are
shown in the table. 4 M 20 64 95

5 F | 20 85 120

6 F 19 72 98

7 F 21 73 101

@

(b)

©

What was the independent vari-
able in this experiment? What was
the dependent variable?

Describe two observations you can
make from the data.

Draw one graph that illustrates
both findings you described in (b).
Label each axis with the correct
variable.

(Hint: Excel is a simple way to make
graphs from data in tables. Excel calls

graphs “charts.”)
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nonsmokers, within 10% of ideal body weight, to participate in a
study. . . .” Researchers must take into account the variability
inherent in even a select group of humans when doing
experiments with human subjects. This variability may affect the
researcher’s ability to interpret the significance of data collected
on that group.

One way to reduce variability within a test population,
whether human or animal, is to do a crossover study. In a cross-
over study, each individual acts both as experimental subject and
as control. Thus, the individual’s responses to the treatment can
be compared to the same subject's control value. This method is
particularly effective when there is wide variability within a
population.

For example, in a test of blood pressure medication,
investigators might divide subjects into two groups. Group A
takes an inactive substance called a placebo (from the Latin for “I
shall be pleasing”) for the first half of the experiment, then
changes to the experimental drug for the second half. Group B
starts with the experimental drug, and then changes to the
placebo. This scheme enables the researcher to assess the effect of
the drug on each individual. In other words, subjects act as their
own control. Statistically, the data analysis can use methods that
look at the changes within each individual rather than at changes
in the collective group data.

Psychological Factors

Another significant variable in human studies is the psychological
aspect of administering a treatment. If you give someone a pill
and tell the person that it will help alleviate some problem, there
is a strong possibility that the pill will have exactly that effect,
even if it contains only sugar or an inert substance. This well-
documented phenomenon is called the placebo effect. Similarly, if
you warn people that a drug they are taking may have specific
adverse side effects, those people will report a higher incidence of
the side effects than a similar group of people who were not
warned. This phenomenon is called the nocebo effect, from the
Latin nocere, to do harm. The placebo and nocebo effects show the
ability of our minds to alter the physiological functioning of our
bodies.

In setting up an experiment with human subjects, we must
try to control for the placebo and nocebo effects. The simplest way
to do this is with a blind study, in which the subjects do not know
whether they are receiving the treatment or the placebo. Even this
precaution can fail, however, if the researchers assessing the sub-
jects know which type of treatment each subject is receiving. The
researchers’ expectations of what the treatment will or will not do
may color their measurements or interpretations.

To avoid this outcome, researchers often use double-blind
studies. A third party, not involved in the experiment, is the only
one who knows which group is receiving the experimental treat-
ment and which group is receiving the control treatment. The
most sophisticated experimental design for minimizing psycho-
logical effects is the double-blind crossover study. In this type of
study, the control group in the first half of the experiment becomes
the experimental group in the second half, and vice versa, but no
one involved knows who is taking the active treatment.

Ethical Considerations

Ethical questions arise when humans are used as experimental
subjects, particularly when the subjects are people suffering from
a disease or other illness. Is it ethical to withhold a new and
promising treatment from the control group? A noteworthy
example occurred some years ago when researchers were testing
the efficacy of a treatment for dissolving blood clots in heart attack
victims. The survival rate among the treated patients was so much
higher that testing was halted so that members of the control
group could also be given the experimental drug.

In contrast, tests on some anticancer agents have shown that
the experimental treatments were less effective in stopping the
spread of cancer than were the standard treatments used by the
controls. Was it ethical to undertreat patients in the experimental
group by depriving them of the more effective current medical
practice? Most studies now are evaluated continually over the
course of the study to minimize the possibility that subjects will
be harmed by their participation.

In 2002, a trial on hormone replacement therapy in postmeno-
pausal women was halted early when investigators realized that
women taking a pill containing two hormones were developing
cardiovascular disease and breast cancer at a higher rate than
women on placebo pills. On the other hand, the women receiving
hormones also had lower rates of colon cancer and bone fractures.
The investigators performed a risk-benefit analysis and decided
that the risks associated with taking the hormones exceeded the
potential benefits, so they stopped the study. To learn more about
this clinical trial and the pros and cons of hormone replacement
therapy, visit MedlinePlus, a website of the U.S. National Library
of Medicine.

Human Studies Can Take Many Forms

Almost daily, the newspapers carry articles about clinical trials
studying the efficacy of drugs or other medical treatments. Many
different aspects of experimental design can affect the validity and
applicability of the results of these trials. For example, some trials
are carried out for only a limited time on a limited number of peo-
ple, such as studies conducted for the U.S. Food and Drug Admin-
istration’s drug-approval process. In several instances in recent
years, drugs approved as a result of such studies have later been
withdrawn from the market when extended use of the drug by
larger populations uncovered adverse side effects, including
deaths.

Longitudinal studies are designed to be carried out for a
long period of time. One of the most famous longitudinal studies
is the Framingham Heart Study, started in 1948 and still ongoing.
Framingham is a prospective study {prospectus, outlook, looking
forward} that recruited healthy people and has been following
them for years to identify factors that contribute to the develop-
ment of cardiovascular disease. This study has already made
important contributions to healthcare, and it continues today with
the adult children and grandchildren of the original participants.

Additional study designs you may encounter in the literature
include cross-sectional and retrospective studies. Cross-sectional
studies survey a population for the prevalence of a disease or con-
dition. Data from cross-sectional studies identify trends to be
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investigated further, such as whether age group or socioeconomic
status is associated with a higher risk of developing the condition
being surveyed. Retrospective studies {retro,backward + spectare,
to look} match groups of people who all have a particular disease
to a similar but healthy control group. The goal of these studies is
to determine whether development of the disease can be associ-
ated with a particular variable.

Often, the results of one or more published studies do not
agree with the conclusions of other published studies. In some
cases, the reason for the disagreement turns out to be a limitation
of the experimental design, such as a small number of subjects
who may not be representative of larger populations. In other
cases, the disagreement may be due to small but potentially sig-
nificant differences in the experimental designs of the different
studies.

One way scientists attempt to resolve contradictory results is
to perform a meta-analysis of the data {meta-, at a higher level}. A
meta-analysis combines all the data from a group of similar stud-
ies and uses sophisticated statistical techniques to extract signifi-
cant trends or findings from the combined data. For example,
multiple studies have been done to assess whether glucosamine
and chondroitin, two dietary supplements, can improve degener-
ative joint disease. However, the individual studies had small
numbers of subjects (<50) and used different dosing regimens. A
meta-analysis using statistical methods is one way to compare the
results from these studies.”

The difficulty of using human subjects in experiments is one
of the reasons scientists use animals to develop many of our scien-
tific models. Since the 1970s, physiological research has increas-
ingly augmented animal experimentation with techniques
developed by cellular biologists and molecular geneticists. As we
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have come to understand the fundamentals of chemical signaling
and communication in the body, we have unlocked the mysteries
of many processes. In doing so, we also have come closer to being
able to treat many diseases by correcting their cause rather than
simply treating their symptoms.

More and more, medicine is turning to therapies based on
interventions at the molecular level. A classic example is the treat-
ment of cystic fibrosis (CF), an inherited disease in which the
mucus of the lungs and digestive tract is unusually thick. For
many years, patients with this condition had few treatment
options, and most died at a young age. However, basic research
into the mechanisms by which salt and water move across cell
membranes provided clues to the underlying cause of cystic fibro-
sis: a defective protein in the membrane of certain cells. The new-
est treatments for CF now improve the function of the defective
protein, and life expectancy of people with CF is close to that of
the general population. Without the basic research into how cells
and tissues carry out their usual tasks, however, this treatment
would never have been developed. Some of the most exciting
therapies coming to medicine are interventions targeting gene
mutations that result in disease. In late 2023, the U.S. Food and
Drug Administration approved two new treatments correcting the
gene mutation that causes the abnormal hemoglobin associated
with sickle cell disease.

As you read this book and learn what we know about how the
human body works, keep in mind that many of the ideas presented
are not hard facts — they simply describe models that represent our
current understanding and therefore are subject to change. As we
learned during the COVID-19 pandemic, scientific knowledge is
constantly and rapidly changing. There are still many questions in
physiology waiting for investigators to find the answers.

Running Problem 1.6 Conclusion: What to Believe?

After reading a few of the review articles Hiro found while search-
ing, he called Jennifer back. “Hey! Those were great suggestions,
but | just need something simple. Is there some place that a non-
medical person should go to learn about probiotics?”

“I send my friends to MedlinePlus (www.medlineplus.gov)
when they need basic information,” Jennifer answered. Hiro
repeated his search once more in MedlinePlus and found himself
back where he had started, with links to the probiotics articles on
the NCCIH website. “All these sites are saying we don’t have
enough information yet to know whether probiotics are helpful,”
Hiro decided.

Most people today begin their quest for information by search-
ing the internet. Be cautious! Anyone can make a website or video
and publish it on the web. There is no screening process compara-
ble to peer review in scientific journals, and the reader of a website

must decide how valid the information on the site is. Websites pub-
lished by recognized universities and nonprofit organizations are
likely to have good information, but you should view an article
about probiotics on a health food store web page with a skeptical
eye unless the article cites published peer-reviewed research.

The best websites for health information are sponsored by
organizations that are part of the scientific and healthcare com-
munities, such as the National Institutes of Health (NIH), nonprofit
groups dedicated to supporting research on a particular disease
(e.g., The American Diabetes Association, diabetes.org), or clinics
and universities where scientists and physicians are actively
investigating causes and treatments for diseases. Treat commer-
cial websites that end in *.com with extra caution.

Check your answers to the questions against the information
in the table below.
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Question

Answer and Commentary

01:  Rank these 10 resulfs from most to likely to have 1. Best: The NIH websites that are written by scientists. www.nccih.nih.gov, www.ods.od.nil.gov
good information, and explain how you chose your 3 mayociinic.org and health. harvard.edu are vetted by health professionals at medical schools

rankings.

3. webmd.com and healthline.com are commercial sites with the potential for bias in favor of advertisers.

4. en.wikipedia.org: Wikipedia is a crowd-sourced website and sometimes contains information that is not

accurate.

5. seed.com, amazon.com, and ritual.com are all commercial websites whose goal is to sell products.

02:  What is the mission of NCCIH?

The ABOUT page says the mission of NCCIH is to provide authoritative, science-based information on the

use, safety, and efficacy of products used in complementary and integrative healthcare practices.

03:  What does NCCIH say about whether probiotics
are helpful and about whether they are safe?

The “What you need to know” factsheet® on probiotics includes a warning about the risks of giving probiot-
ics to premature infants. The section on effectiveness of probiotics says that although a lot is known, there

are still unanswered questions about how probiotics work and when they might be unsafe.

04: Repeat Hiro's searches in Google Scholar and
PubMed. Compare the number of results from results.
these searches to the 244 million results from his
simple Google search.

The Google Scholar search returns over 860,000 results and the PubMed search yields more than 46,000

05:  Use the options in the left sidebar of the Google
Scholar and PubMed pages and limit the search
to the last 5 years. Now how many results are
there?

For the last 5 years, the Google Scholar search returns more than 32,000 results and the PubMed search
has more than 23,000 results.

06:  On the Google Scholar and PubMed pages with

For reviews in the last 5 years, the Google Scholar search has more than 21,000 results and the PubMed

results from the last 5 years, select the option for ~ search has about 5,000 results.

reviews. Now how many results are there?

07:  Replicate Hiro’s search in ChatGPT or another
Al program. What does Al say about taking
probiotics?

The responses of an Al program might differ slightly each time a question is asked, but in January 2024,
ChatGPT returned the following answer: As of my last knowledge update in January 2022, research on
probiotics was ongoing, and findings were mixed regarding their overall benefits. The answer continued

to point out that the topic is complex and that there might be more recent information based on better

evidence.

Citing Resources

Whenever you use someone else’s material, even if it is just for a
class project, you should cite your source. If you put a photo from
the web into a PowerPoint slide, be sure to include the URL. If you
paraphrase something written, acknowledge where you learned the
information. Copying or paraphrasing material from another source
without acknowledging that source is academic dishonesty.

There are many different citation format styles. PubMed
allows you to choose between AMA (American Medical Associa-
tion), APA (American Psychological Association), MLA (Modern
Language Association), and NLM (National Library of Medicine)
styles when downloading references. Two useful websites for
learning about citation styles are Scientific Style and Format®,
published by the Council of Science Editors, and Purdue Univer-
sity’s Online Writing Lab, Purdue OWL (owl.purdue.edu).

Citing Web Sources

Unlike formally published resources like scientific journals, web
pages are not permanent and frequently disappear or move. Here
is one suggested format for citing information from a website:

Author/Editor (if known). Revision or copyright date (if available).
Title of web page [Publication medium]. Publisher of webpage.
URL [Date accessed].

Example:

Patton G (editor). 2005. Biological Journals and Abbreviations.
[Online]. National Cancer Institute. http://home.ncifcrf.gov/
research/bja [accessed April 10, 2005].

Citing Publications
Citation formats for papers in research journals vary but will usually
include the following elements (with the punctuation shown):

Author(s). Article title. Journal Name volume (issue): inclusive
pages, year of publication. DOI.

Example:
Echevarria M, llundain AA. Aquaporins. J Physiol Biochem 54(2):
107-118, 1998.

Many articles now have a unique DOI (digital object identifier)
number. These are alphanumeric codes that provide a permanent
link to the article on the Internet, so that even if a website changes
names, you will still be able to find the article.

Helpful Hints

e [f you access a published journal on the web, you should give
the print citation and DOI, not the URL of the website.
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e Journal names are abbreviated using standard abbreviations

that you can look up online'. One-word titles, such as

Science, are never abbreviated. For example, the American

Journal of Physiology is abbreviated as Am J Physiol.

e Journals group their publications into volumes that
correspond to a certain period of time (a year, six months,
etc.). The first publication of a given volume is designated
issue 1, the second is issue 2, and so on. In the citation J
Physiol Biochem 54(2): 107-118, 1998, you know that this
was volume 54, issue 2.

e Word-for-word quotations placed within quotation marks are

rarely used in scientific writing.

] Chapter Summary
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e When paraphrasing in written work, acknowledge the source
this way:
Some rare forms of epilepsy are known to be caused by muta-
tions in ion channels (Mulley et al., 2003).

When a paper has three or more authors, we usually use the
abbreviation et al.—from the Latin et alii, meaning “and others”—
to save space in the body of the text. All authors’ names are given
in the full citation, which is usually included within a References
section at the end of the paper.

Chapter 1 has introduced you to the physiology you will be learing about as you continue
through this book. The eight core concepts discussed here and in the other chapters in

Unit 1 will provide you with a solid foundation for your studies.

Core Goncepts in Physiology

Core Structure- Molecular Compartmentation
Concept function interactions

Energy

Gradients Communication | Homeostasis Mass balance

NN

Levels of Organization

The Human Body

10 Organ systems | Fig.1.3

Organs

Tissues

|
Y
Cells

Organelles

Intracellular

fluid fluid

2

Molecules

Extracellular | Fig. 1.6
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Links to Resources

DR Richardson. A survey of students’ notions of body function
as teleologic or mechanistic. Advan Physiol Educ 258: 8-10,
Jun 1990. https://doi.org/10.1152 /advances.1990.258.6.58

2SR Smith et al. Pramlintide treatment reduces 24-h caloric intake
and meal sizes and improves control of eating in obese
subjects: a 6-wk translational research study. Am | Physiol
Endocrinol Metab 293: E620-E627, 2007. https:/ /doi.
org/10.1152 /ajpendo.00217.2007

3Scientific Foundations for Future Physicians. Howard Hughes
Medical Institute (HHMI) and the Association of American
Medical Colleges (AAMC), 2009. https:/ /store.aamc.org/
scientific-foundations-for-future-physicians-pdf.html

*Vision and Change: A Call to Action. National Science Foundation
(NSF) and American Association for the Advancement of
Science (AAAS). 2011.

5C Bernard. Legons sur les phénomenes de la vie communs aux
animaux et aux végétaux (Vol. 1, p. 113), Paris: ].-B. Bailliere,
1885. https:/ /www.biodiversitylibrary.org/
item/97313#page/151/mode/1up

SWB Cannon. Organization for physiological homeostasis. Physiol
Rev 9: 399-443, 1929. nvc https://doi.org/10.1152/
physrev.1929.9.3.399

’S Wandel et al. Effects of glucosamine, chondroitin, or placebo in
patients with osteoarthritis of hip or knee: network
meta-analysis. Br Med | 341: c4675-c4676, 2010. https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC2941572 /

8What you need to know factsheet https:/ /www.nccih.nih.gov/
health/probiotics-what-you-need-to-know#

9Scientific Style and Format https:/ /www.scientificstyleandformat.
org/Welcome. html

Whttps: / /www.ncbi.nlm.nih.gov/nlmcatalog /journals/

7B Moseley et al. A controlled trial of arthroscopic surgery for
osteoarthritis of the knee. The N Engl | Med 347: 81-88, 2002.
https://doi.org/10.1056 /NEJM0a013259

Review Questions

In addition to working through these questions and checking
your answers, review the Learning Outcomes at the beginning of
this chapter.

Level One Reviewing Facts and Terms

1. Define physiology. Describe the relationship between physi-
ology and anatomy.

2. Name the different levels of organization in the biosphere.

3. Name the 10 systems of the body and give their major
function(s).

4. What does “Physiology is an integrative science” mean?

5. Define homeostasis. Name some regulated variables that are
maintained through homeostasis.

6. Name eight core concepts in physiology.

7. Put the following parts of a reflex in the correct order for a
physiological response loop: input signal, integrating center,
output signal, response, sensor, stimulus, target.

8. The name for daily fluctuations of body functions such as
blood pressure, temperature, and metabolic processes is a(n)

Level Two Reviewing Concepts

9. Mapping exercise: Make a large map showing the organiza-
tion of the human body. Show all levels of organization in the
body (see Fig. 1.2) and all 10 organ systems. Try to include
functions of all components on the map and remember that

some structures may share functions. (Hint: Start with the
human body as the most important term. You may also draw
the outline of a body and make your map using it as the
basis.)

10. Distinguish between the items in each group of terms.
(a) tissues and organs
(b) x-axis and y-axis on a graph
(c) dependent and independent variables
(d) teleological and mechanistic approaches
(e) the internal and external environments for a human
() blind, double-blind, and crossover studies
(g) the target and the sensor in a control system

11. Name as many organs or body structures that connect directly
with the external environment as you can.

12. Which organ systems are responsible for coordinating body
function? For protecting the body from outside invaders?
Which systems exchange material with the external environ-
ment, and what do they exchange?

13. Explain the differences among positive feedback, negative

feedback, and feedforward mechanisms. Under what circum-
stances would each be advantageous?

Level Three Problem Solving
14. A group of biology majors went to a mall and asked pas-

sersby, “Why does blood flow?” These are some of the
answers they received. Which answers are teleological and
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which are mechanistic? (Not all answers are correct, but they
can still be classified.)

(a) Because of gravity

(b) To bring oxygen and food to the cells

(c) Because if it didn’t flow, we would die

(d) Because of the pumping action of the heart

Although dehydration is one of the most serious physiological
obstacles that land animals must overcome, there are others.
Think of as many as you can, and think of various strategies
that different terrestrial animals have to overcome these
obstacles. (Hint: Think of humans, insects, and amphibians;
also think of as many different terrestrial habitats as you can.)

Level Four Quantitative Problems

16.

17.

18.

A group of students wanted to see what effect a diet deficient
in vitamin D would have on the growth of baby guppies.
They fed the guppies a diet low in vitamin D and measured
fish body length every third day for three weeks. Their data
looked like this:

Day 0 31691211518

-~
|

Average body length (mm) | 6 1211416 ] 18

(a) What was the dependent variable and what was the
independent variable in this experiment?

(b) What was the control in this experiment?

(¢) Make a fully labeled graph with a legend, using the data
in the table.

(d) During what time period was growth slowest? Most
rapid? (Use your graph to answer this question.)

You performed an experiment in which you measured the
volumes of nine slices of potato, then soaked the slices in
solutions of different salinities for 30 minutes. At the end of
30 minutes, you again measured the volumes of the nine
slices. The changes you found were:

Percent Change in Volume after 30 Minutes
Solution Sample 1 Sample 2 Sample 3
Distilled water 10% 8% 11%
1% salt (NaCl) 0% —0.5% 1%
9% salt (NaCl) —8% —12% —11%

(a) What was the independent variable in this experiment?
What was the dependent variable?

(b) Can you tell from the information given whether or not
there was a control in this experiment? If there was a
control, what was it?

(c) Graph the results of the experiment using the most
appropriate type of graph.

At the end of the semester, researchers measured an interme-

diate-level class of 25 male weight lifters for aerobic fitness

and midarm muscle circumference. The relationship between

those two variables is graphed here.

19.

Superior s ®°
[ ]
™ L]
Excellent : ..
$ L ] -
@
£ g
E Good '.
0 L ]
o L]
5 [
< Fair — T =
® L ]
L]
™ L ]
Very poor 5w
|
T T

10 20 30 40
Midarm muscle circumference (cm)

(a) What kind of graph is this?
(b) What question were the investigators asking?

(0) In one sentence, summarize the relationship between the
two variables plotted on the graph.

Answer the questions after the following article summary.

Astudy was carried out on human volunteers to see whether
two procedures performed during arthroscopic surgery
{arthro-, joint 4 scopium, to look at} are effective in relieving
knee pain associated with osteoarthritis, or degenerative
joint disease {osteon, bone + arthro —, joint + —itis,
inflammation}. The volunteers were up to 75 years old and
were recruited from a Veterans Affairs Medical Center. They
were 93% male and 60% white. One-third of the subjects had
placebo operations—that is, they were given anesthesia and
their knees were cut open, but the remainder of the treatment
procedure was not done. The other two-thirds of the subjects
had one of the two treatment procedures performed. Subjects
were followed for two years. They answered questions about
their knee pain and function and were given an objective
walking and stair-climbing test. At the end of the study, the
results showed no significant difference in knee function
or perception of pain between subjects getting one of the
standard treatments and those getting the placebo operation.

(a) Do you think it is ethical to perform placebo surgeries on
humans who are suffering from a painful condition, even
if the subjects are informed that they might receive the
placebo operation and not the standard treatment?

(b) Give two possible explanations for the decreased pain

reported by the placebo operation subjects.

(0) Analyze and critique the experimental design of this
study. Are the results of this study applicable to everyone
with knee pain?

(d) Was this study a blind, double-blind, or double-blind
crossover design?

(e) Why do you think the investigators felt it was necessary
to include a placebo operation in this study?

Answers to Concept Checks, Figure and Graph Questions, and
end-of-chapter Review Questions can be found in Appendix A.
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LDL particle binding to the LDL receptor

Science regards man as an aggregation of atoms temporarily united by a mysterious force called the life-principle.

H. P. Blavatsky, 1877. In Isis Unveiled: A Master-Key to the Mysteries of Ancient and Modern Science and Theology,
Vol. I: Science

Chapter 2 focuses on the core concept of Molecular Interactions, going from subatomic particles up to complex macromolecules that are
responsible for many aspects of physiological function.

The first two sections of the chapter may be a review, depending on your background. Use the REVIEW figures to check your under-
standing of chemistry and biochemistry.

Section 2.3 focuses on protein binding, one of the key molecular interactions that govern physiological processes. The principles of
protein binding apply to membrane transporters and signal receptors as well as to enzymes, so learning the basic patterns here is
important.

Molecular
Interactions

31
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Learning Outcomes

2.1 Molecules and Bonds

LO 2.1.1 Compare and contrast the composition, structure, and
functions of the four major groups of biomolecules.
Describe four important biological roles of electrons.
Describe and compare the different types of covalent

and noncovalent bonds.

LO 2.1.2
LO 2.1.3

2.2 Noncovalent Interactions

LO 2.2.1 Contrast the structure and solubility of polar and
nonpolar molecules.

Describe the covalent and noncovalent interactions
that contribute to molecular shape, and explain how

molecular shape is related to molecular function.

LO 2.2.2

early 100 years ago two scientists, Aleksander Oparin in

Russia and John Haldane in England, speculated on how
life might have arisen on a primitive Earth whose atmosphere
consisted mainly of hydrogen, water, ammonia, and methane.
Their theories were put to the test in 1953, when a 23-year-old
scientist named Stanley Miller combined these molecules in a
closed flask and boiled them for a week while periodically
discharging flashes of electricity through them, simulating
lightning. At the end of his test, Miller found amino acids had
formed in the flask. With this simple experiment, he had
shown that it was possible to create organic molecules,
usually associated with living creatures, from nonliving
inorganic precursors.

Miller’s experiments were an early attempt to solve one of
the biggest mysteries of biology: How did a collection of
chemicals first acquire the complex properties that we associate
with living creatures? We still do not have an answer to this
question. Numerous scientific theories have been proposed,
ranging from life arriving by meteor from outer space to molecules
forming in deep ocean hydrothermal vents. No matter what their
origin, the molecules associated with living organisms have the
ability to organize themselves into compartments, replicate
themselves, and act as catalysts to speed up reactions that
would otherwise proceed too slowly to be useful.

The human body is far removed from the earliest life forms,
but we are still a collection of chemicals—dilute solutions of
dissolved and suspended molecules enclosed in compartments
with lipid-protein walls. Strong links between atoms, known as
chemical bonds, store and transfer energy to support life
functions. Weaker interactions between and within molecules
create distinctive molecular shapes and allow biological
molecules to interact reversibly with each other.

This chapter introduces some of the fundamental principles
of molecular interactions that you will encounter repeatedly in
your study of physiology. The human body is more than 50%
water, and because most of its molecules are dissolved in this
water, we will review the properties of aqueous solutions. If you
would like to refresh your understanding of the key features of
atoms, chemical bonds, and biomolecules, you will find a

LO 2.2.3 Define pH in words and mathematically, and explain
the differences between acids, bases, and buffers.

2.3 Protein Interactions

LO 2.3.1
LO 2.3.2

List nine important functions of proteins in the body.
Explain the meanings of affinity, specificity, saturation,
and competition in protein-ligand binding.

Explain the different methods by which modulators
alter protein binding or protein activity.

LO 2.3.3

series of one- and two-page review features that encapsulate
biochemistry as it pertains to physiology. You can test your
knowledge of basic chemistry and biochemistry with a special
review quiz at the end of the chapter.

Running Problem 2.1: Chromium Supplements

“Lose weight while gaining muscle,” the ads promise. “Prevent
heart disease.” “Stabilize blood sugar.” What is this miracle sub-
stance? It