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“Highly Recommended.” — Choice Magazine

“Stimulus for the next generation of scientists.” — Scientific computing

“A great fit of FOrm and subject. Recommended.” — Otaku USA Magazine

THe Human Body, Up Close and Personal! 

Student nurse Kumiko has just flunked her 
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at passing her makeup test. Lucky for her, 
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Join Kumiko in The Manga Guide to 
Physiology as she examines the inner 
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	How the digestive system and the Citric 

Acid Cycle break food down into nutrients 
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	How the body regulates temperature and 

vital fluids

	The body’s powerful cell defense system, 

led by helper T cells and enforced by 
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	The architecture of the central nervous 

system

	The kidneys’ many talents: blood 

filtration, homeostasis, and energy 

production

You’ll also gain insight into medical 

procedures like electrocardiograms, 

blood pressure tests, spirograms, 

and more.

Whether you’re cramming for a test like 

Kumiko or just want a refresher, The 
Manga Guide to Physiology is your 

fun, cartoon guide to the human body. 

Find more Manga Guides at www.nostarch.com/manga
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Praise for the Manga Guide series

“Highly recommended.”
—choice magazine on the manga guide to databases

“The Manga Guides definitely have a place on my bookshelf.”
—smithsonian magazine

“The art is charming and the humor engaging. A fun and fairly painless lesson on what 
many consider to be a less-than-thrilling subject.”
—school library journal on the manga guide to statistics

“Stimulus for the next generation of scientists.”
—scientific computing on the manga guide to molecular biology

“The series is consistently good. A great way to introduce kids to the wonder and vastness of 
the cosmos.”
—discovery.com 

“Absolutely amazing for teaching complex ideas and 
theories . . . excellent primers for serious study of physics 
topics.”
—physics today on the manga guide to physics

“A great fit of form and subject. Recommended.”
—otaku usa magazine on the manga guide to physics

“I found the cartoon approach of this book so compelling 
and its story so endearing that I recommend that every 
teacher of introductory physics, in both high school and 
college, consider using it.”
—american journal of physics on the manga guide to physics

“This is really what a good math text should be like. Unlike 
the majority of books on subjects like statistics, it doesn’t 
just present the material as a dry series of pointless-
seeming formulas. It presents statistics as something fun 
and something enlightening.”
—good math, bad math on the manga guide to statistics

“A single tortured cry will escape the lips of every thirty-
something biochem major who sees The Manga Guide to 
Molecular Biology: ‘Why, oh why couldn’t this have been 
written when I was in college?’”
—the san francisco examiner

Wow!



“A lot of fun to read. The interactions between the characters are lighthearted, and the 
whole setting has a sort of quirkiness about it that makes you keep reading just for the joy 
of it.”
—hackaday on the manga guide to electricity

“The Manga Guide to Databases was the most enjoyable tech book I’ve ever read.”
—rikki kite, linux pro magazine

“The Manga Guide to Electricity makes accessible a very intimidating subject, letting the 
reader have fun while still delivering the goods.”
—geekdad

“If you want to introduce a subject that kids wouldn’t normally be very interested in, give it 
an amusing storyline and wrap it in cartoons.”
—make on the manga guide to statistics

“A clever blend that makes relativity easier to think about—even if you’re no Einstein.”
—stardate, university of texas, on the manga guide to relativity

“This book does exactly what it is supposed to: offer a fun, interesting way to learn calculus 
concepts that would otherwise be extremely bland to memorize.”
—daily tech on the manga guide to calculus

“Scientifically solid . . . entertainingly bizarre.”
—chad orzel, scienceblogs, on the manga guide to relativity

“Makes it possible for a 10-year-old to develop a decent working knowledge of a subject 
that sends most college students running for the hills.”
—skepticblog on the manga guide to molecular biology

“The Manga Guide to the Universe does an excellent job of addressing some of the biggest 
science questions out there, exploring both the history of cosmology and the main riddles 
that still challenge physicists today.”
—about.com

“The Manga Guide to Calculus is an entertaining comic with colorful characters and a fun 
strategy to teach its readers calculus.”
—dr. dobb’s 
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Preface

If you’re reading this book, you may well be a student in a medical-related field, so you 
know how daunting the human body can be as a study subject. But once you learn a little 
more about it, you’ll see that the human body actually has a very logical organization and 
that it’s not as hard to learn about as you think. It always amazes me how cleverly the 
human body is organized. 

Unfortunately, many people are reluctant to learn physiology because it seems like 
there is so much to cover, with so many different areas of study, that starting the subject 
can be intimidating. This is a shame, because once you know the basics of how the body 
works, it really is a fascinating subject. This book attempts to convey the magnificence of the 
human body in an enjoyable and easy-to-understand manner.

The Manga Guide to Physiology uses the story of Kumiko, who has previously struggled 
with her physiology class, to make understanding physiology fun. By getting a first-hand feel 
for physiology through her own physical experiences, like eating and running, Kumiko quickly 
develops a personal interest and begins to enjoy learning, and hopefully you will too.

If you’ve never studied physiology before or have found it difficult to grasp, reading 
through the comic sections first will give you a decent overview. Reading through both the 
comic and the text sections together will give you a more detailed understanding.

If this book helps you understand physiology, it will give me great pleasure as its editor.

Etsuro Tanaka
November 2011



A nondescript 
suburban medical 

school with a 
sprawling open 

campus...

In the summer heat, 
dazed students 

stagger to their 
classes. 

They wander through 
the maze of concrete 
buildings like wayward 

children.

Prologue

Koujo  
Medical School

What do you mean 
I have to take 

Physiology 101?



2  Prologue

Next week's student 
council–supported 
marathon will wind 
its way through the 

vast campus. Koujo Medical School

Student Council–Sponsored 

M ar athon

Ms. Karada,

your dedication to 
training for our summer 
marathon is admirable, 
but clearly you have 
let it interfere with 

your studies!

Physiology Lecturer 
Mitsuro Itani  

School of Nursing,  
Koujo Medical School

adjunct  
Lecturer Room

I…I can't 
believe it...

Freshman  
nursing student 
Kumiko Karada 

It's a famous 
event in the small 

university town and 
cause for much 

celebration.

You’re the 
only one in 

my class who 
failed!
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If you keep this 
up, you're going 

to wash out!

You can't become a 
registered nurse 
unless you learn 

physiology.

Bu-but...

Professor 
Iyami... Please... 

I'll...

The name is Itani!!!!

Despite your 
foolishness, I 
cannot give up 

on you. 

Especially because my 
own evaluation score 

would suffer...

So, I guess I 
should give you 
a special makeup 

exam.

Tha-thank...
you. Your makeup 

exam will be 
in ten days!

Memorize everything 
in my ten famous 

books!

Plop!

mumble

mumble
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Hmm….

There's just 
no way…

I won't be able 
to do this. even 
in high school, I 

was always bad at 
memorizing…

hrm… 
Maybe I can find 

some other job in 
health care.

Required Exams and Prerequisites for 

Medical Certifications 

Dietitian: 

Required coursework: Physiology, Origins of 

Illness, Food and Health, Basic Nutritional Science, 

Applied Nutritional Science, Theory of Nutritional 

Education, Management Theory of School Lunch 

Administration

Occupational 
Therapist: 

"Physiology"
Social Worker: 

"Structure and functions 
of the human body"

Dental Hygienist: 
"Physiology"

I'm going 
to have to 

learn this no 
matter what, 

aren't I?!

Click

Click

Click

Click

Click

Everything 
involves 

physiology!

Bla
r
g

h
!



…Bundle 
of His...

…Purkinje 
fibers...

Grumble 
grumble Department of  Sports and  Health Science

Grumble 
grumble

Grumble 
grumble H 

e 
a 
l 
t 
h 
  
S 
c 
i 
e 
n 
c 
e 
  
L 
a 
b 

Creeeak
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Physiology

Ye-owww!

Get back,  
zombie fiend! clonk!

W
h
o

a
 W

h
o

a
 

W
h
o

a
 W

h
oo

A
aa

!

crack!

Crash!

Mitsuro Itani

Physiology

 

Bang!

Physiology…?

for Registered 

 Nurses

ph
ys

io
lo

gy

Mitsuro 
Itani

for Registered 

 Nurses



1

I have to apologize 
for that!

The Circulatory System

Pumps Working in Harmony
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I’m embarrassed 
to admit it, but 

I’m now studying 
hard for a makeup 

exam and...

while totally 
absorbed in that, 
I somehow ended 

up here...

Your power of 
concentration is 
very impressive!

what’s 
your name?

Oh, 
excuse me!

Ms. Karada, 
is it?

Nice to meet 
you. My name 

is Kaisei.

Assistant Professor 
Osamu Kaisei, 

Department of 
Sports and Health 

Science

I'm Kumiko 
Karada, a 

freshman in 
the School of 

Nursing!

You’re 
preparing 

during summer 
session?

I’m teaching a 
new class this 
year. I have to 

get ready! 

  NEW! 
Department of Sports 

and Health Science 
 

Register for summer 

session courses now!

The Electrical Conduction 
System of the Heart
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So listen...

You said you’re 
taking a makeup 

exam...is that 
because you dislike 

physiology?

No, I 
hate it...

Er, actually, I’m 
just no good 

at it!

I think a lot of 
people feel the 

same way. 

I know a lot 
about the body, 

but...

I’m a little 
fuzzy on 
how it all 

works 
together.

Hmm…

Do you do 
any kind of 

sports?

Yeah.

I ran long 
distance during 
junior high and 
high school.

Indeed...

Let’s have 
Ms. Karada help 
us out with our 
preparations.

Teaching 
Assistant 

Toko  
Yamada

Teaching 
Assistant 
Atsuro  
Suzuki

Harumph

I see...

Right, 
guys?
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Well, er...

Since I have to study 
for my test, I guess I’ll 

be on my way.

Sorry to trouble you.

What’s going on?!

You 
broke it...

...that 
anatomical 

model...

It cost a 
million yen.* 

Eep.

But if you would just 
help us for a few 

hours each week, I’ll 
consider your debt 

repaid. Really? Thank you, 
Professor Kasai!

Whoosh

You did... 

a 
number 
on it.

ack!

sigh

* more than $12,000

Whoosh



The next morning

Shall we 
begin?

When you 
said help 

out...

did you just 
mean I’ll 

take lessons 
from you?

Yeah,  
I need to 
practice...

I'm teaching  
a remedial class next 
semester. Since your 
physiology grades 

were so bad, I thought 
you'd be just the  
right audience.

I'll cover  
basic 

physiology.

And you can 
study for 

your makeup 
exam!

Thank you very much,  
but I already 

understand the basics!

Oh yeah?

Well then… 
Explain the 

basics of the 
circulatory 

system.

Escape will be difficult if they'll be 
guarding me the whole time...

Ah, 
okay.

miffed

Huff...

Icy 
stare 



Stop for a moment. 
Do you understand 
what’s coming out 
of your mouth? 

But he said that 
physiology is 
memorization.

Professor Itani 
said that?

The circulatory 
system includes 
the heart and 

blood vessels.

The heart is a 
powerful pump 

that sends 
blood to your 
body through a 

network of blood 
vessels that act 
something like 

pipes. 

You’re really 
going back 
to basics, 

aren’t you?

Stop!

nod

Circulatory 
system

ahem

Pant		
pant

The circulatory system includes organs 
that circulate the blood within the body. 
The electrical conduction system that 
starts the contraction of the heart 

transmits an electrical impulse, which is 
a contraction instruction, from 

the sinoatrial node to the 
myocardium cells of the 

ventricle. The sinoatrial 
node, the atrio

ventricular node...um, er...

nod
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Nutri- 
ents

Nutri-ents

Nutri-

ents

Nutri-
ents

Nutri-
ents

Nutri-
ents

Nu
tr

i-
en

ts

Sure!  
The blood’s job 
is to transport 

oxygen and 
nutrients...

and if the blood 
stops flowing, the 

person will die.

our heart keeps 
the blood flowing, 

which is why it's 
so vital to keeping 

you alive.

Man, I studied 
the circulatory 

organs a looong 
time ago.

So...

There are 
two circuits 

of blood. One 
circulates 

through the 
lungs and 
the other 

through the 
entire body.

They’re called 
pulmonary 
circulation 

and systemic 
circulation, 

right?

Yes, that’s 
correct.

Let’s think about that 
some more. The heart is 
divided into two circuits, 
the left heart and the 

right heart.

The left heart contains 
the left atrium and 

left ventricle, and the 
right heart contains the 
right atrium and right 

ventricle for a total of 
four chambers.

She knows 
that much 
perfectly.

well, 
well...
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Ms. Karada, why 
don’t you try 
drawing the 

heart?

It’s 
something 
like this, 
I think.  
How did 
I do?

Hmm...

It seems like 
you’re a real 
artist in the 

making.

But let me add a 
little detail to 

this, okay?

So...

Squeak

Right 
atrium

Right 
ventricle

Left 
atrium

Grr
rr

snicker  

	
snicker

Left 
ventricle

Squeak

Er...

Uh...

Alright.

Ta-da!

Well...  
At least your 
heart is in the 
right place...

Kiss  

kiss

Hee 
	 hee



Okay. Arteries 
and veins are 

connected like this 
to the heart, which 
has four chambers 

and four valves.

The left and right 
sides are roughly 

divided into the 
left heart and 

right heart.

By the way, the left heart 
is the side that pumps 

blood to the entire body.

the left heart and 
right heart are 

“pumps,” and systemic 
circulation and 

pulmonary circulation 
send blood through 
a series of “pipes,” 

right?

maybe it's 
not so basic, 

after all.

Well, let’s 
move on.

You know  
that the heart 
contracts and 
expands with a 
well-regulated 
rhythm when the 
muscle called 

the myocardium 
receives  

electrical  
stimuli.

Right Heart Left Heart

Vena cava Pulmonary 
vein

Right 
atrium

Left 
atrium

Tricuspid 
valve

Mitral 
valve

Right 
ventricle

Left 
ventricle

Pulmonary 
valve

Systemic 
Circulation

Pulmonary 
Circulation

Vena cava
Pulmonary 

vein

Entire 
body

Lungs

Right atrium Left atrium

Left ventricle
Right ventricle

Aorta

Pulmonary artery

Aortic 
valve

Pulmonary 
artery

Aorta

Systemic circulation 
circulates the blood 

from the left ventricle 
through the 
entire body 
to the right 

atrium.

Pulmonary 
circulation circulates 

it from the 
right ventricle 
through the 
lungs to the 

left atrium.



Yeah, isn't this rhythm 
of contraction and 
expansion caused by 

the electrical impulse 
conduction system of 

the heart?

That’s 
right!

So...

...you could 
consider 

the impulse 
conduction system 
something like a 

soccer team! 

The person in charge 
of the electrical 

impulses, which are 
the source of the 

rhythm of the heart, 
is the coach.

The impulses 
are transmitted 
to the captain...

and then are 
transmitted to 

the players.

There is an 
extremely high 

degree of 
coordination 
between the 

captain and team 
members.

The captain is 
linked to each 
and every team 

member by 
powerful  

bonds.

Coach

Team 
captain

Coach

Sinoatrial 
node

Sinoatrial 
node

Atrioventric­
ular node

Myocardium

Players

What are you  
talking about...? 



The Electrical Conduction System of the Heart  17

Also, the coach 
is listening for 

instructions from 
the team owner.

¡Ay-ay-
ay!

If we show this in 
a diagram of the 

impulse conduction 
system...

The owner is the brain.  
The coach is the sinoatrial node. 
The captain is the atrioventricular 
node. The instructions from the 

captain are transmitted through the 
bundle of His, left bundle branch 

or right bundle branch, and Purkinje 
fibers. And the team members are 

the myocardium. 

Owner

Brain Sinoatrial node

Bundle 
of His

Right 

bundle 

branch

Left 
bundle 

branch

Purkinje fibers

Brain

Sinoatrial 
Node

Atrio­
ventricular 

Node

Myocardium

Huh?

Get out 
and win, 
boys!

Today’s 
the day!

Keep up the 
pressure!

Let’s do  
this!

The brain initiates 
an electrical 
impulse in the 

sinoatrial node, 
which then 

transmits the 
impulse to the 

atrioventricular 
node, and then 
finally to the 

myocardial cells.
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So the rhythm 
instructions 

are transmitted 
in this way, 

and the heart 
contracts.

You know...

Really?

Well 
then...

You've 
inspired me 
to continue 

on to 
electro

cardiograms 
and heart 

movements.

An electrocardiogram 
is a recording of 
electrical activity 

as it passes through 
the heart.

Right?

That’s right.

Everyone  
has seen  

this shape!

Squeak 
	 squeak

even  
though  

I’m the first 
person to 

listen to these 
lectures, I think 

I'm getting a 
real sense of 
what you’re 

teaching  
me.

Heart movements  
and waveforms



Let’s consider 
the relationship 

between this wave 
and the electrical 

stimulation of 
the heart.

I certainly 
remember my 

first electro
cardiogram.

First, stimuli are 
transmitted from 

the sinoatrial 
node to the atrium, 

causing the left 
and right atria to 

contract.

That made 
the P wave, 
right? It's 
the littlest 

bump. 

That’s right. And 
the contraction 

of the atria sends 
the blood that is 
in the atria to the 

ventricles. 

The QRS 
complex Is 

transmitted to 
the ventricles 
next, isn't it?

Instructions from the 
atrioventricular node 
are then transmitted—
through the bundle of 
His, left bundle branch, 

right bundle branch, and 
Purkinje fibers—to the 
myocardium, stimulating 

the left and right 
ventricles.

This is 
the QRS 

complex.

The ventricles 
contract, and the 
blood is sent to 
the aorta and the 

pulmonary  
artery.

Right.

Sinoatrial 
node

Right ventricle

Right 
ventricle

Left ventricle

Left 
ventricle

Electro­
cardiogram

Electro­
cardiogram

Contraction

Contraction

Right 
atrium

Right 
atrium

Left 
atrium

Left 
atrium

Coach
Atrium



And finally,  
the T wave...

The stimulation 
of the ventricles 
ends here and the 
ventricles relax.

That should  
give you a pretty 

good idea of 
what's going on!

By the way, 
do you 

know what’s 
happening 
when you 
hear your 
heartbeat?

Isn't that 
when the 
valves 
close?

That’s 
right.

Each valve inside the heart 
makes a sound when it closes, 

just like a castanet!

That’s all 
for today.

Remember, if you 
want to help 

patients and put 
your knowledge 
of physiology to 
use, it will take 
more than just 

memorization. You 
also have to see 

the bigger picture 
and understand 
how each part 

relates to 
everything else!

Right 
ventricle

Left 
ventricle

Electro­
cardiogram

Valves close

Ventricles 
relax

Got it!

Right 
atrium

Left 
atrium
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I think I got 
all that….

Hey Kumiko!

Did you 
hear?

You’re our 
department's 

representative for 
the marathon race.

Obvious pick, 
right?

You're the only 
person with track 

and field experience.

Come on, 
I’ve got to 
study for 
my exam!

What?!
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Even More About The Circulatory System!
The circulatory system consists of the organs that circulate blood, lymph, and other fluids 
throughout the body. The heart, blood vessels, and lymph nodes transport oxygen, nutri-
ents, hormones, and the like to tissues within the body while at the same time gathering 
waste products from various parts of the body.

Let’s learn more about how the circulatory system works. 

electrical activity in the heart

The muscle that forms the walls of the heart contracts when it receives electrical stimuli. The 
impulse conduction system, shown in Figure 1-1, causes this contraction to occur.

Figure 1-1: Flow of the impulse conduction system

Stimuli triggered from the sinoatrial node u spread like waves through the entire 
atria, causing the atria to contract. The stimuli reach the atrioventricular node v, which 
is located between the left and right atria, and are transmitted to the bundle of His w. 
The bundle of His is divided into two branches x, the left bundle branch and right bundle 
branch. The left bundle branch and right bundle branch are further divided into numer-
ous finer branches in the left and right ventricles, respectively. These finer branches are 
the Purkinje fibers y. The impulse conduction system resides in specialized muscle tissue 
called cardiac muscle, or myocardium. 

That’s right. It generates 60 to 80 stimuli per minute, even if it receives no instructions 
from the central nervous system. In other words, the sinoatrial node generates the normal 
heart rate and thereby acts as the heart’s natural pacemaker.

Stimuli are also generated by other cardiac fibers, such as those in the atrioventricular 
node. However, the sinoatrial node normally controls the heart rate because it discharges 
stimuli faster than does any other part of the heart. If the sinoatrial node malfunctions, the 

The sinoatrial node automatically generates the stimuli, right?

●❶

●❷ ●❸
●●❹

●●❺

Sinoatrial node

Purkinje fibersAtrioventricular node

Left bundle branch

Right bundle branch

Bundle of His
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atrioventricular node becomes the pacemaker in its absence. But since the atrioventricu-
lar node generates stimuli at a slower pace, the heart rate decreases when stimulated by 
that node.

How an Electrocardiogram works

An electrocardiogram is a visualization of the electrical stimuli transmitted to the entire 
myocardium from the impulse conduction system. Normally, six electrodes are attached to 
the chest, and a total of four electrodes are attached to both wrists and both ankles. (Elec-
trodes connected to both wrists and one ankle take the electrocardiogram; the right ankle 
is attached to a neutral, or ground, lead for grounding the circuit.) This lets us measure the 
electrocardiogram using 12 leads (see Figure 1-2). 

Figure 1-2: A 12-lead electrocardiogram

Limb Leads

 

Electrodes recording at three locations 
(right wrist, left wrist, and left ankle), 
plus one grounding lead (right ankle)

Help doctors and nurses get a “view” of the 
heart in the vertical plane (a coronal plane)

Chest Leads

Electrodes at six locations surrounding 
the heart

Help doctors and nurses get a “view” of the 
heart in the horizontal plane (a transverse 
plane)

The six leads 
named I, II, III, 

aVR , aVL , and aVF are 
called limb leads, 
and the six leads 

named V1 to V6 are 
called chest leads.

Why are 12 leads required? That seems like a lot. 

Consider the leads to be something like cameras viewing the heart from the sites where 
the electrodes are attached. With that many camera angles on the scene, you’ve got the 
complete, 3D picture, and not much can be missed.
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If there are well-regulated contractions of the heart, normal waveforms will appear 
in a continuous loop. However, if there is an abnormality in the myocardium or impulse 
conduction system, various changes will appear in the corresponding waveform of the 
electrocardiogram. For example, if there are arrhythmias—heart contractions with unusual 
timing—irregular waveforms will appear. Other types of arrhythmia are tachycardia, a heart 
rate that is too high, and bradycardia, one that is too low.

How The Nervous System Affects  
the Circulatory System

Your heart rate increases when you’re surprised, speaking in front of an audience, play-
ing sports, or in other stressful situations. This increase is caused by the activity of your 
autonomic nervous system (see page 138). If more blood flow is required due to stress 
or exertion, the sympathetic nervous system is excited, the sinoatrial node is stimulated, 
and your heart rate increases. On the other hand, when you relax, your parasympathetic 
nervous system reduces your heart rate.

The heart rate of an infant is faster than that of an adult; it slows as the child ages. 
Most adults have a resting heart rate of about 60–80 beats per minute. An elderly 
person tends to have a slightly slower heart rate than a young or middle-aged 
adult. 

Since the circulating blood volume in the human body is approximately  
5 liters, all the blood circulates through the entire body in approximately 
1 minute.

So approximately how much blood do you think is sent to the aorta each time the heart 
contracts?

Hmm . . . about a soda can's worth?

But aren’t the stimuli from the sinoatrial node automatically generated without receiving 
any instructions from the brain?

Whoa . . . wait a minute. The heart is about the size of a fist. There’s no way it holds 
350 milliliters. The so-called stroke volume of the heart is approximately 70 milliliters. 
That’s about the size of a small bottle of perfume or pudding cup.

We can calculate the cardiac output per minute as follows:

	 Cardiac Output (mL/min) = Stroke Volume (mL/beat) × Heart Rate (beats/min)

Did You Know?
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That’s a good question! The sinoatrial node can certainly generate stimuli automatically, 
but the frequency of those stimuli is regulated by the autonomic nervous system.

The autonomic nervous system controls physiological responses ranging from blood 
pressure and heart rate to dilation of the pupils of the eyes. There are two branches of 
the autonomic nervous system: the sympathetic branch (which generates the “fight or 
flight” response) and the parasympathetic branch (which generates the “rest and digest” 
response). 

The sympathetic nervous system is responsible for increasing the heart rate and 
causing blood vessel vasoconstriction (decreased diameter of blood vessels), both of which 
contribute to an increase in blood pressure. Conversely, the parasympathetic system is 
responsible for decreasing the heart rate, and the activation of the parasympathetic sys-
tem leads to a decrease in blood pressure. 

the Coronary Arteries

Figure 1-3: The coronary arteries

But before we begin talking about blood circulation, we should learn how the heart itself 
acquires oxygen and nutrients. Do you know which blood vessels send oxygen and nutri-
ents to the myocardium?

The coronary arteries?

That’s right. The coronary arteries are called that because they encircle the heart in a 
crown shape. Just think about a coronation ceremony for a new queen, where she gets 
her crown. 

The coronary arteries are roughly divided into the right coronary artery and left 
coronary artery (Figure 1-3). The smaller branches of the coronary arteries penetrate the 
surface of the cardiac muscle mass and thus serve as the primary sources of oxygen and 
nutrients for the myocardium. 

Right coronary
artery

Left coronary
artery
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You’d think the heart would be able to get all the oxygen and nutrients it needs from 
the blood it is constantly pumping through its chambers. But actually, it can absorb only a 
minuscule amount of oxygen and nutrients that way, so the coronary arteries are needed 
to deliver blood deep into the muscle tissue of the heart.

The arteries of most internal organs branch and reconnect (anastomose). Therefore, 
even if a blood vessel is blocked at one location, the blood will flow along another route. 
However, the coronary arteries surrounding the heart are called end arteries since they 
are structured with no anastomoses between arterial branches (Figure 1-4). Therefore, 
if there is a blockage somewhere, blood will cease flowing beyond that point, causing a 
heart attack. 

Figure 1-4: End arteries branch with no points of anastomosis.

Blood Circulation

That’s exactly right! The pulmonary circulation and systemic circulation flows are depicted 
in a rough diagram in Figure 1-5. Since this is basic information needed for studying each 
of the internal organs later, make sure you understand this entire drawing.

We learned that there are two circuits for blood circulation: pulmonary circulation and 
systemic circulation. Do you think you can explain them properly?

Pulmonary circulation circulates from the right ventricle and through the lungs to capture 
oxygen before returning to the left atrium, and systemic circulation circulates from the left 
ventricle and through the entire body to send oxygen and nutrients to the body before 
returning to the right atrium.

Artery End artery

Anastomosis
Dead end.

The coronary arteries aren’t the only end arteries. Others are found in the 
brain. A blockage (or vascular occlusion) in these end arteries in the brain is 
very serious. A complete blockage will cause a stroke.

Did You Know?
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Figure 1-5: Blood circulation

* Generally, arterial (oxygenated) blood flows in arteries, and venous (low in oxygen) blood flows in veins. There are some 
exceptions of course. Deoxygenated blood flows in the pulmonary artery from the heart to the lungs, and the pulmonary 
veins carry oxygenated blood from the lungs back to the heart. 
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We ought to also touch on arteries and veins here. Remember that arteries are blood 
vessels carrying blood away from the heart and veins are blood vessels returning blood to 
the heart via the capillaries.

Because arteries receive blood that is pushed out of the heart under great pressure, 
the blood vessel walls are thick, and their elasticity and internal pressure are both high. 
Veins have thin blood vessel walls with valves at various locations to prevent blood from 
flowing backward. The internal pressure is low, and blood flow is assisted by surrounding 
muscles. Some veins run just below the skin. These are called superficial veins. Blood is 
often drawn from the median cubital vein on the inside of the elbow. This is also a super-
ficial vein.

Although arteries often run deep within the body, they also pass through places 
where it is easy to take a pulse (see Figure 1-6).

Figure 1-6: Locations for taking a pulse

Dorsal artery of foot

Temple
Temporal artery

Neck
Common carotid artery

Upper arm
Axillary artery

Inner elbow
Brachial artery

Wrist
Ulnar artery
Radial artery

Groin (inguinal region)

Femoral artery

Behind the knee

Popliteal artery

Top of the foot

These are arteries that run through locations that are relatively shallow, such as the wrist, 
aren’t they?

That’s right. In a medical clinic, your pulse is often taken using the radial artery of your 
wrist or the carotid artery of your neck. 
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Blood Pressure

Blood pressure is the internal pressure inside blood vessels, but the term is usually used 
to mean the pressure in large arteries near the heart, such as in the upper arm. What are 
some factors that determine blood pressure?

Yes, blood pressure certainly tends to increase as a person becomes middle aged and 
older, but let’s consider physiological factors here. 

Three factors that determine blood pressure are the girth of the blood vessels, the 
circulating blood volume, and the contractile force of the heart, or cardiac contractile force 
(see Figure 1-7). For example, if the circulating blood volume (the total volume of blood in 
the arteries) and the cardiac contractile force are fixed, then blood pressure will increase 
if the blood vessels are smaller. Also, the blood pressure will drop if the blood volume 
decreases because of a hemorrhage or if the contractile pressure of the heart decreases 
because of a heart attack. 

Figure 1-7: Factors that determine blood pressure

Factors? Well, er, age and diet and . . .

Blood pressure 
is determined by 
the girth of the 
blood vessels, 

circulating blood 
volume, and cardiac 

contractile force.

Expansion

Drop Rise

Contraction

Reduction

Girth of blood vessels

Increase

Drop Rise

Reduction

Circulating blood volume

Increase

Drop Rise

Cardiac contractile force
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Measuring Blood Pressure

Blood pressure varies like a wave, getting higher when the ventricles contract and lower 
when they relax. The maximum pressure is called the systolic pressure, and the minimum 
is called the diastolic pressure. 

You inflate the cuff that’s wrapped around the upper arm to restrict the blood flow. 
Then you release the air in the cuff a little at a time while you listen to the artery through 
a stethoscope. When you start to hear a tapping sound (called Korotkoff sounds), that is 
the systolic pressure. You continue to release air, and when you no longer can hear any 
sound, that is the diastolic pressure. The cuff’s pressure readings at these two points give 
you the patient’s blood pressure (see Figure 1-8).

Figure 1-8: Blood pressure measurement by the auscultatory method

Once the cuff’s pressure is 
below diastolic pressure, the 
cuff no longer does anything 
to impede blood flow, and no 
more Korotkoff sounds are 
heard.

Pressure of the 
inflatable cuff

Blood vessel 
pressure

Korotkoff sounds

Systolic pressure Diastolic pressure

Cuff is tight: 
no blood flows at all

Systole-only blood flow Unimpeded blood flow

When the cuff is tightened 
with a higher pressure than 
the systolic pressure, blood 
flow is stopped, and no sound 
can be heard.

As the pressure in the cuff 
dips below systolic pressure, 
blood begins to “slip” through 
the artery beneath the cuff 
during the peak of systolic 
pressure, and you begin to 
hear Korotkoff sounds.

You’ve studied the principles and techniques of blood pressure measurement, haven’t you?

Sure, I did that in basic nursing.
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The Lymphatic System

The last part of the circulatory system is the lymphatic system, which recovers bodily fluids 
that seep into tissues from capillaries and returns them to the heart. It also supports the 
immune system. In this way, the lymphatic organs can be said to reside in both the circu-
latory system and the immune system. In peripheral tissue, interstitial fluid is exchanged 
between capillaries and tissue, but some of the interstitial fluid is collected in the lym-
phatic vessels. The bodily fluid in the lymphatic vessels is called lymph. The lymph flow 
rate is approximately 2 to 3 liters per day.

The lymphatic vessels start from lymphatic capillaries, which gradually come together 
to form larger lymph vessels. After passing through many lymph nodes along the way, 
they finally enter the left and right venous angles, which are confluence points of the 
subclavian veins and internal jugular veins (see Figure 1-9). Valves are attached to the 
interior of the lymphatic vessels to prevent the lymph flow from reversing direction.

Figure 1-9: The lymphatic system

Blood pressure units are represented by mm Hg (millimeters of mercury). The 
number of mm Hg indicates the number of millimeters that mercury would 
be pressed upward in a tube by the pressure.

Did You Know?

Lymph reenters the circulatory system where the arrows point, 
near the junction between the jugular vein and subclavian vein.

Right internal jugular vein Left internal jugular vein

Right subclavian vein Left subclavian vein
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Good eye! Notice the light and dark shading in Figure 1-9. The right lymphatic trunk, in 
which the lymphatic vessels from the upper right half of the body are collected together, 
enters into the right venous angle. The collected lymphatic vessels from the remaining 
upper left half of the body and the entire lower half of the body enter into the left venous 
angle.

The lymphatic vessels are not symmetrical on the left and right sides of the body.

Cancer that starts in the lymph nodes is called lymphoma. More often, cancer starts 
somewhere else and then spreads to lymph nodes. When cancer spreads or 
metastasizes, it often is found in the lymph nodes.

Did You Know?
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Professor 
Kaisei?

Don’t startle 
me like that! You 
almost gave me a 

heart attack.

What 
are you 
doing...

this early in 
the morning?

As you can 
see, I’m 

collecting 
insects.

As much as  
I’m intrigued by the 

amazing way the human 
body works, I also 

think insects are 
quite interesting and 

mysterious. 

But I'm only 
an amateur 

entomologist.

I see...

You’d think a 
professor of 
Sports Science 

might have a more 
athletic pastime!

At any rate, 
it seems 
like you 

are having 
trouble 

breathing.

Relax...

become 
conscious 
of your 

diaphragm.

Focus on 
that muscle 

and take 
slow, deep 

breaths.

Um, 
okay.

What?!

huff huff
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Huff huff

wheeze

—hahhh
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 huff
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That 
worked!

I’ve 
entered 

this year’s 
marathon 

race.

Do you know 
of any good 
short-term 

training 
methods?

Hmm, let’s 
see now...

Short-
term, eh? 

Let’s talk 
about the 

respiratory 
organs a 

little.

Eventually, 
everything 

leads back to 
physiology, 
doesn’t it?

Yesterday, it 
was the heart... 

Today, it’s 
respiration?

Both are 
indispensable 
when it comes 

to keeping 
your body 

alive.

I’m sure you know 
the role that 

respiration plays 
in creating energy 
so you can move 
your body and 

maintain your body 
temperature.

Sure. Our bodies 
make energy by 

breaking down food 
and oxygen. This is 
our metabolism in 

action! The waste of 
this process is the 
carbon dioxide (CO2 ) 

that we exhale.

You’ve got it 
just right. O2 

is used in both 
the car and 
our bodies!

Automobile

 You can compare our metabolism to 
the combustion that happens in the 

engine of a car.

Person

Gasoline, 
O2

Food, 
O2

CO2 is 
exhaled.

Food and O2 
combust in our 

bodies to release 
chemical energy.

Exhaust 
gas (main 
component 

is CO2)

Gasoline and 
O2 combust in 
an engine to 

release kinetic (or 
mechanical) energy. 

Feel the “burn”!
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By the way, do you 
remember that in 

yesterday’s lecture, 
we learned that blood, 
among its other jobs, 
transports oxygen?

So what 
does the 
blood 

do while 
receiving 

oxygen in the 
lungs?

Well... 

It’s like 
this.

The blood 
receives 

oxygen from 
pulmonary 

alveoli.

And at the 
same time, the 

alveoli receive 
carbon dioxide 

from the 
blood.

That’s 
right.

So...

the exchange of 
oxygen and carbon 
dioxide that occurs 

in the alveoli 
is called gas 

exchange.

The atmosphere 
has suddenly 
become very 

professorial...

Let’s walk and 
talk while you 

cool down.

su-hah

Capillary

Alveolus

Uh-oh

blah blah 
blah...

CO2

O2

How ventilation works
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um, 
Professor...

I asked 
about 

something 
effective 
for the 

marathon?

Oh, 
right...

Well, You 
understand 

how air 
moves into 
the lungs, 

right?

Yup. The 
lungs 

inflate and 
collapse.

Could you 
say it a 

little more 
precisely?

Of  
course.

Well, um...

The lungs, which 
are located in the 

thoracic cavity 
formed by the 

diaphragm and chest 
walls, inflate and 
collapse due to 

pressure changes in 
that thoracic cavity.

Good... 
That’s right.

The lungs don't 
inflate on their 
own. They need 

the help of your 
muscles.

My lungs  
inflate because 
of the wicked-

strong 
abdominal 
muscles I'm 
developing.

Uh.  
Just don’t 
tell Itami  

that on your  
makeup 
exam.

Heh Heh  

Heh
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There 
we go.

Here's a simple 
diagram of 

the lungs and 
thoracic cavity.

Ms. Karada, you 
said that the 

pressure in the 
thoracic cavity 
changes, right?

Explain how 
that works 
using this 
diagram!

The lungs 
expand as the 

diaphragm 
moves 

downward...

Right.

As the diaphragm 
contracts, it flattens 

and increases the 
volume of the chest. 
With this change in 

volume, the pressure 
inside the chest 

drops, and air rushes 
in. The reverse 

happens when you 
exhale.

Scratch

Scratc
h

Trachea

Lungs

Thoracic 
cavity

Diaphragm

Scratc
h
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and 
btw...

beef 
diaphragm is 

delicious. 

It’s called 
harami when we 
order yakiniku 
grilled meat!

Yum...

I love harami...

Anyway, 
moving on!

Respiration 
that uses the 

diaphragm 
is called 
abdominal 
breathing.

Now that you mention it, 
I’ve often seen tips about 

abdominal breathing 
techniques in diet and 
exercise magazines.

Why would it 
be important to 
breathe with the 

diaphragm?

Abdominal 
breathing is often 
practiced in tai chi 
or yoga, as well 
as by singers and 
those who play 
wind instruments 
like the trumpet. 
It allows for 

deeper breaths.

Taking slower, 
deeper breaths 
engages your 

parasympathetic 
system and 

helps you relax. 
Breathing with 
your chest, 
or thoracic 
breathing, is 

more shallow. 

Drool... 

Sizzle--------

Huh?

ahh... 
I see.

FITNESS 

Exercise!
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Aren’t the muscles 
used for thoracic 
breathing called 
the intercostal 

muscles?

Yes, they can help 
supplement breathing to 
create quick, shallow 
breaths. This thoracic 
breathing might occur 
in a stressful situation, 

when you need quick 
bursts of oxygen.

The contraction 
of the external 

intercostal 
muscles expands 

the thoracic cavity 
during inhalation. 

They return to 
their original 

state in 
exhalation.

Fun Fact! For pregnant women, because the growing uterus 
decreases the mobility of the diaphragm, their respiratory rate 

increases to maintain the same level of ventilation.

Well, what 
about 

internal 
intercostal 
muscles? 

They draw 
inward...

They are 
used when 
breathing 

heavily, 
too.

They can help 
push out air 

during exhalation. 
You can feel 

yourself using 
your external 
intercostal 

muscles when 
inhaling...

 and your internal 
intercostal 

muscles when 
forcefully 
exhaling.

Now you’ve got 
me dreaming 
about kalbi 
short ribs! ♪

Did you 
catch all 

that?
It is 

actually the 
muscles 

between the 
ribs, but...

For now, 
though, how 
about some 
breakfast?

External 
intercostal 

muscles pull 
outward.

sweet!
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Koujo Sidewalk Café

I’ve been 
thinking that 
abdominal 
breathing 
might be 
effective 
for the 

marathon.

With some 
practice, 

you could 
probably 

increase your 
tidal volume, 

or your 
“resting 
breath.”

And more O2 
will mean 

more energy 
for my hard-

working 
muscles!

Right.

Your inhalations 
and exhalations 
are both larger 
when you breathe 

with your 
diaphragm.

I see... 
sounds 
handy.

At any rate, 
you sure 
eat well...

It Must be all 
that exercise. 

You haven't 
come up for 

air once.

Yep, I sure can 
inhale a meal!

crunch 

crunch

Munch munch

Ha ha ha Ha ha ha

Controlling 
Respiration
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So we’ve talked 
about how you can 

consciously control 
your breathing.

But your 
respiratory rate 

can vary even when 
you aren’t thinking 

about it.

...The respiratory 
system 

automatically 
adapts to respond 

to different 
situations.

Ah, just like 
other systems 
in the body...

Right.
If I remember 
correctly...

the brainstem is 
like a kind of life 
support system, 

isn’t it?

That’s right. 
Our most basic 
functions are 

controlled there.

For example, inhale 
as much as you can...
and then hold your 
breath. Everything 
you’ve done so far 
was by your own 
intention, right?

But When you 
reach a limit...

Pu-hah!

...you have to 
exhale, and your 
respiration rate 
really increases.

Respiration

Brain

Suu

Hah
 Ha

h

cardiac 
cycle

Voluntary

There are areas in 
the brainstem called 
respiratory centers, 
which control the 

respiration rate 
and depth of 
respiration.

Brainstem
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I get it!

that's because 
the control 
room decided 

that not 
breathing was a 
bad idea after 

all and sounded 
the alarm,  

right?

That’s right!

So what do 
you suppose 
the control 
room sensed 

when it gave the 
instruction to 

exhale and start 
breathing  

again?

I didn't have 
enough oxygen...

Well, your 
oxygen 

levels were 
decreasing, but 
it was actually 

the buildup 
of carbon 
dioxide that 

caused you to 
take another 

breath.

Carbon Dioxide

Concentrated Diluted
Hah 
Hah 
Hah

Hah 
Suu

I see.

Carbon 
dioxide has 
increased.



The measured value of 
this carbon dioxide 

concentration is called 
the partial pressure of 

carbon dioxide.*

* If there’s a buildup of CO2, this combines with H2O in the body to 
create a more acidic environment (with more H+ hydrogen ions floating 
around). The medulla in the brainstem is sensitive to these changes in 
CO2 and acidity, and it controls the respiratory rate accordingly. 

When there’s more 
carbon dioxide, 

breathing speeds up. And 
if there’s less carbon 
dioxide, then breathing 

is slowed!

the brainstem  
monitors changes in 
the partial pressure 

of carbon dioxide. Then 
it issues instructions 
to muscles like the 
intercostal muscles 
and diaphragm. These 
muscles shrink and 
expand the lungs at 

a faster rate or with 
greater force as 

needed.

External 
intercostal 

muscles
Umph

Umph

Umph

Diaphragm

Brainstem

Hah  
hah

Internal intercostal 
muscles

Carbon Dioxide and Respiratory Movement
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Even More About The Respiratory System!
The respiratory organs form a system that takes in oxygen to produce energy and disposes 
of the resulting carbon dioxide. Let’s learn some more about the lungs, which are the main 
players in this system.

External and Internal Respiration

So far, we’ve explained ventilation, which moves air into and out of the lungs. Next, we’ll 
explain how the oxygen that’s taken in by breathing is transported within the body and 
how carbon dioxide is disposed of at the same time.

This process is called gas exchange. Gas exchange occurs in two ways in the human 
body: through external respiration and internal respiration. External respiration happens in 
the lungs, where gases are exchanged between blood cells and alveoli (Figure 2-1). Alveoli 
are microscopic clusters of pockets located at the end of the airways (or bronchioles). This 
is how the blood receives oxygen from the air we breathe while expelling carbon dioxide.

Figure 2-1: Enlargement of pulmonary alveoli

That’s right. Although a single alveolus is tiny, there is an enormous number of them: 
approximately 700 million within a pair of human lungs. If all of the alveoli were spread 
out on a flat surface, they would cover an area approximately the size of a badminton court, 
or 100 square meters. The human body uses a lot of surface area for gas exchange!

Internal respiration is gas exchange that is performed within each cell as blood circulates 
through the tissues of the entire body. This is how oxygen is delivered through blood to cells 
in the body that need energy. You can refer to Figure 2-2 to see a full picture of how blood 
circulates throughout the body to perform internal and external respiration.

Trachea

Right lung Left lung

Bronchial 
tube

Alveolus

Enlarged

The gas exchange of external respiration is performed by each individual alveolus, right?
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Figure 2-2: External and internal respiration

After blood circulates 
through the body, having 
received carbon dioxide 
from individual cells, it 

heads back to the alveoli, 
where it disposes of that 

carbon dioxide and takes in 
oxygen. Then it returns to
 the heart and repeats 

the cycle.
Alveolus

Blood 
vessel

External
Respiration

Internal
Respiration

Cell

Gas exchange in external and internal respiration is performed via a process called 
diffusion (see page 107). During diffusion, the gas spreads out from a concen-
trated region to a dilute region until ultimately, the concentration is even across 
both regions.

Did You Know?
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Partial Pressures of Gases in the Blood

Approximately how much oxygen and carbon dioxide are contained in the blood, and how 
does the proportion change during gas exchange? To answer this, we need to learn about 
the partial pressures of the gases.

When you have a mixture of gases, the partial pressure of a single gas is the pressure 
that gas would have if it took up all of the space occupied by the mixed gas. For example, 
the air around us contains a mixture of oxygen, nitrogen, carbon dioxide, and other gases. 
The partial pressure of oxygen is what you would get if you got rid of all the other gases 
besides oxygen and then measured the pressure of that oxygen within the same volume 
that the mixture previously filled. Partial pressure is represented by the letter P (for pres-
sure), and the chemical name of the gas is added as a subscript. For example, the partial 
pressure of oxygen is PO2, and the partial pressure of carbon dioxide is PCO2. 

Partial pressure is measured by millimeters of mercury, or mm Hg. If we take a vol-
ume of air under normal atmospheric pressure (1 atm, or 760 mm Hg), the partial pres-
sure of oxygen within it is 160 mm Hg and the partial pressure of nitrogen is 600 mm Hg, 
as shown in Figure 2-3.

Figure 2-3: Components of the atmosphere and their partial pressures  

under 1 atmospheric pressure (760 mm Hg)

Carbon dioxide
practically 0%

160 mm Hg

600 mm Hg

Oxygen
21%

Nitrogen
79%

Air

760 mm Hg

In a volume 
of air under 

normal atmospheric 
pressure, the 

partial pressure 
of oxygen (PO2) 
is 160 mm Hg.
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Now let’s compare the partial pressures of gases in blood to the proportions of those 
gases in the air. Air is a mixed gas containing 21 percent oxygen, 0.03 percent carbon 
dioxide, and 79 percent other gases such as nitrogen, as shown in Figure 2-3. However, the 
human body does not use nitrogen at all, and the amount of carbon dioxide in the body is 
negligible. Therefore, the only thing we need to know here is the partial pressure of oxygen.

So what is the partial pressure of oxygen in the body? It depends on whether we’re 
talking about oxygen in veins or arteries. The partial pressure of oxygen in arteries is 
denoted by PaO2, and the partial pressure of carbon dioxide in arteries is denoted by PaCO2. 
In veins, these are denoted by PvO2 and PvCO2, respectively. In this notation, a stands for 
arteries and v stands for veins.

Now let’s refer to Figure 2-4 and look at the transitions of the partial pressures in the 
body. The standard value for PaO2 is 100 mm Hg. For PaCO2, it’s 40 mm Hg, and for PvO2, it’s 
40 mm Hg. 

Figure 2-4: Changes in the partial pressures of oxygen and carbon dioxide in the body

Partial Pressure of Oxygen Partial Pressure of Carbon Dioxide

Ambient air
160 mm Hg

Ambient air
practically 0 mm Hg

Alveolus Alveolus

100 mm Hg 40 mm Hg

100 mm Hg40 mm Hg 40 mm Hg45 mm Hg

Right
heart

Right
heart

Left
heart

Left
heart

Cell Cell 40 mm Hg
45 mm Hg

100 mm Hg
40 mm Hg

The partial pressure of oxygen drops to 100 mm Hg 
in the alveolus since the oxygen is combined with air 
and water vapor. Oxygen is then exchanged to each 
cell, and the partial pressure of oxygen in the blood 
drops to 40 mm Hg.

The partial pressure of carbon dioxide becomes 
40 mm Hg in the alveolus since the carbon dioxide 
is mixed with air. Carbon dioxide is exchanged from 
each cell, and the partial pressure of carbon dioxide 
in the blood rises to mm Hg.
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Acidosis and Alkalosis

pH is a measure of a liquid’s acidity or alkalinity. Like any other liquid, blood also has a pH, 
and its value changes due to respiration. Actually, the partial pressures of gases hold the 
key to understanding how respiration affects the body’s pH. If the pH level of the blood 
exceeds a standard value, it will cause problems in the body. So how does the body regu-
late this value?

A pH of 7 is neutral. As the number decreases, a liquid becomes more acidic, and 
as the number increases, a liquid becomes more alkaline. The pH of the human body is 
approximately 7.4, which means the body is slightly alkaline. This pH is maintained at a 
nearly constant value. The mechanism that maintains a constant pH state within the body 
is called homeostasis.

If a problem occurs in certain bodily functions, the pH level may exceed the standard 
value range. The condition in which the pH level tends to be more acidic than the stan-
dard value is called acidosis, and the condition in which the pH level tends to be more 
strongly alkaline is called alkalosis.

No, no. Since acidosis and alkalosis are both relative to the standard value of pH 7.4, a pH 
of 7.1 is tending towards the acidic side. Therefore, that would be a case of acidosis (even 
though the pH level is still overall slightly alkaline).

Figure 2-5 shows acidosis and alkalosis relative to the body’s pH. If bodily pH falls 
below 6.8 or rises above 7.8, there is a risk of death. However, since the body naturally is 
slightly alkaline, its pH rarely drops below 7 to become truly acdic.

So how do acidosis and alkalosis occur? The pH of the body can change based on 
the level of PaCO2—the two are closely related. When PaCO2 is high, more acid is created 
in the body, and acidosis can occur. Conversely, when PaCO2 is low, acid levels in the body 
decrease, and alkalosis can occur. Why does acid increase as PaCO2 increases? This is 
because the dissolution of carbon dioxide in water produces H+ ions, which make things 
more acidic.

Since a pH of 7 is neutral, is a body pH of 7.1 in a state of alkalosis?

Carbon dioxide is readily exchanged from blood because there is practically no CO2 
in ambient air, so diffusion occurs easily and rapidly. The release of CO2 (and  
therefore a decrease in PaCO2) is intimately related to pH in the body (see  
page 51).

Did You Know?
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Figure 2-5: Acidosis occurs when the body’s pH tends to be acidic, and alkalosis 

when its pH tends to be alkaline.

pH

7.2
7.3

7.4
7.5

7.6

Acidity Alkalinity

Acidosis Alkalosis

Well, think of a carbonated beverage. The carbonation of a carbonated beverage is just 
carbon dioxide dissolved in water.

Carbon dioxide dissolves in water . . . ?

This is the chemical equation to describe how carbon dioxide dissolves in water 
within the body:

H2O + CO2 « H+ +  HCO3
-. 

If the concentration of this hydrogen ion (H+) increases in an aqueous solution 
(such as blood), the pH will tend toward the acidic side.

Incomplete respiration (or hypoventilation) results in too much carbon dioxide 
in the body. More carbon dioxide creates a more acidic environment, which can in 
turn cause acidosis.

Hyperventilation is a condition in which ventilation is excessive. Since it causes a 
state in which a lot of carbon dioxide is being expelled, the PaCO2  level will decrease, 
thereby causing the pH of the body to become more alkaline. Acidosis and alkalosis 
can also be caused by metabolic abnormalities (see “ATP and the Citric Acid 
Cycle” on page 74).

Did You Know?
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How the Lungs Work

Now let’s take a look at the lungs. Pulmonary function testing measures the amount of 
air you can inhale and exhale and the amount of force you need to exert to do this. The 
results are represented in a graph called a spirogram (like the one in Figure 2-6) that 
shows the volume of air at different stages of inspiration or expiration. The initial small 
periodic curve indicates the interval when the person is breathing normally. The peaks are 
locations when inspiration ends (resting inspiratory volume), and the troughs are locations 
when expiration ends (resting expiratory volume). The difference between these levels is 
the resting tidal volume.

Figure 2-6: Understanding the output of a spirogram
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Following this, you see a marked peak and trough. The highest peak (where the per-
son inhaled with all her might) is the inspiratory reserve volume, and the deepest trough 
(where the person exhaled with all her might) is the expiratory reserve volume. As shown 
in Figure 2-6, the vital capacity is the difference in volume between maximum inhalation 
and complete exhalation.

We must not forget residual volume here. Even if a person exhales with all her might, 
since the lungs do not become completely flat and the trachea and bronchial tubes also do 
not flatten out, a fixed volume of air remains in those locations. This volume is called the 
residual volume. 

The sum of the residual volume and vital capacity, which is the entire capacity of the 
lungs, is called the total lung capacity:

Total Lung Capacity = Vital Capacity + Residual Volume

My vital capacity is 3500 milliliters. That’s a lot, isn’t it?

You’re right. The standard for a woman is 2000 to 3000 milliliters. Your number reflects 
your training as a marathon runner. The vital capacity for a man is approximately 3000 to 
4000 milliliters. Vital capacity tends to be greater for people who have a larger physique.





3

Stop staring...

There’s always 
room for 
dessert.

Café

The Digestive system

Digestion, metabolism, and 
the multi-talented liver
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You know that 
the winner of 
the marathon 

race...
gets free 

desserts for a 
whole year!

Speaking of 
which, what’s 

going on 
physiologically 

when we say, 
“There’s always 

room for 
dessert”?

First, can 
you give 
a simple 

description 
of digestion 

and 
absorption?

That's a 
great 

question!

Well, since 
you brought it 
up, should we 
talk about the 

digestive system?

Digestion is the 
breakdown of food 

into a form that 
enables the nutrients 

it contains to be 
absorbed.

Yes,  
I'm ready 
to learn!

Absorption 
happens when 

those nutrients 
are taken into 

the body.

Yup.

Okay, here 
we go.

Right!That’s the 
basics. 

Is that why 
you’re training 

so hard?

You’ve got to 
work just as hard 

for the makeup 
exam, too, you 

know.

He he he

Oh,

The Alimentary Canal 



So digestion 
and absorption 
are performed 

along the 
alimentary 

canal.

First, 
mastication—
or chewing—
is performed 
in the mouth, 

right?

That’s right. It grinds 
things up really well.

The Japanese word 
for chewing, soshaku, 

is also used to 
say that someone 
understands the 

meaning of something 
(soshaku suru).

There’s also 
a Japanese 
expression 

nomikomi ga hayai 
(literally “quick 

swallowing”) 
that means “quick 

to learn.”

I take it you’ve 
heard that one 

often, then?

The mouth is the 
starting point of 

the digestive tract, 
right? So do you 
know what work 

it does?

The teeth, 
jaw, and 

tongue are 
used for 
chewing...

Ah! And saliva 
is also 

produced in 
the mouth.

Right. food 
is blended 

with saliva to 
make it easy to 

swallow...

and saliva 
has digestive 

enzymes 
that convert 

nutrients in food 
into a form that 

the body can 
absorb.

Ugh.
There are so 
many digestive 

enzymes...

That's also 
called your 

digestive tract, 
which is actually 

a single tube 
from the mouth 

to the anus.

Oral cavity

Esophagus

Stomach

Duodenum

Jejunum

Ileum

Vermiform 
appendix

Cecum

Rectum

Anus

Small  
intestine

Large  
intestine

Don’t say 
"anus" when 
I’m eating!

Ptyalin

Pancreatic amylase

Sucrase

Trypsin

Pepsin

Maltase

Pancreatic lipase

Lipase

Chymotrypsin



There's too 
many to 

remember!.

swallowing... 

sometimes 
called 

deglutition!

This flap is the 
epiglottis. When you swallow, 

it moves so that 
food does not 

enter the trachea.

if food does enter 
the trachea, it’s called 
pulmonary aspiration, 
which can sometimes 

cause pneumonia!* 

Well, their names 
are related to their 

roles—so if you 
think of that, you 

shouldn’t have trouble 
remembering them.

Swallowing 
involves a rather 

sophisticated 
mechanism.

The throat contains 
both the trachea, 
through which air 
passes, and the 

esophagus, which 
carries food. 

That’s 
right!

Flap?

Take a 
look!

But we’ll talk 
about digestive 
enzymes in more 

detail later.

So what happens 
after mastication?

When  
Breathing

Gulp	
gulp 

Hac
k

Munch 	
munch

When  
Swallowing

Food

Flap 
open

Flap 
closed

Esophagus

Air

* Aspirating food can cause lung injury because 
food carries the gastric acid and bacteria 
found in the digestive tract.

Great!

Trachea EsophagusTrachea

Cough 



So do you 
know how the 

esophagus 
moves chewed-
up food to the 

stomach?

We’ve changed 
topics, haven’t 

we?

Oh,  
I know!

It’s called 
peristalsis.

You remembered. 
That’s awesome!!

We’ll explain 
peristaltic motion 
more a little later 

(on page 62).

what?!
You’re not excited 
by the combination 
of hydrochloric 
acid, pepsin, and 

mucus?!

You think that 
dissolving food 
in stomach acid 

is amazing?

What does 
it do...? 

Well, 
okay.

Aww.

Hmm...food 
moves from the 

esophagus to the 
stomach, right?

Excited...? 
uh...

Aren’t they just 
the components of 

gastric juice?

disapproval

It's sooo 
amazing!!!

the stomach's 
POWERFUL MUSCLES 
CHURN up to 2 to 3 

liters of FOOD TO AiD 
DiGESTiON. 

Dr
eamy~

Bang

The Esophagus and the stomach



Hydrochloric  
acid (HCl)

disinfects!

And pepsin has 
transformative 

power!

Pepsin 
breaks down 

proteins!

...attack and 
protect!!

You’re still 
not excited?

A classroom in 
the Department 
of Sports and 
Health Science

So pepsin...  
That starts off 
as pepsinogen, 

right?

As you can see, 
hydrochloric acid 

transforms pepsinogen 
into the enzyme pepsin.*

The  
mucus barrier 
protects the 

stomach walls!

Bacteria HCl

Stomach  
Wall

Transmorph!

Pepsin

HCl

HCl

Mucus

Mucus

Pepsin

Pepsin

Pepsinogen

Pepsin

Mucus

together, 
they have the 
power to...

Not 
really.

Uh-huh.

* Pepsinogen is a zymogen, or a 
proenzyme (an inactive precursor to 
an enzyme). Pepsinogen is activated 
and transformed into Pepsin by 
hydrochloric acid.

60 
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Professor, 
the acidity of 

gastric juice is 
pretty powerful, 

isn’t it?

The lining of the 
stomach doesn’t 
dissolve since it 
is protected by 
mucus, but isn’t 
the intestine in 

trouble?

Nope!

And it’s a good 
thing, too!

Right, these 
fluids are the 

juices secreted 
from the 
pancreas.

When the alkaline 
pancreatic juice is added 

to the viscous acidic 
liquid from the stomach, 
it neutralizes the acid.

Pancreatic juice is an 
extraordinary liquid. Not only 

does it neutralize stomach acid, 
but it also helps to digest all 
three of the major nutrients: 
carbohydrates, proteins, and 
fats. (We’ll discuss this more 

on page 65.)

Exactly!

It sure 
is...

food 
gets turned 

into a viscous 
liquid called 
chyme in the 
stomach and 
is mixed with 

alkaline digestive 
fluids when it 

enters the 
duodenum.

Breakdown

Carbohydrates

Proteins

Fats  
(lipids)

Oil

Pancreatic 
Juice

Acidic

Stomach

Alkaline

Intestine

the duodenum and the pancreas  61

the Duodenum and the pancreas
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Wow, digestion 
seems like an awful 

lot of work.

Peristaltic motion, 
which we skipped 

earlier, also 
occurs here.

yes, peristalsis is 
An earthworm-like 

movement.

it moves things 
along toward 

the anus.

So the intestine 
performs 

peristaltic motion 
like the esophagus 

does, right?

More specifically, it’s 
the duodenum, jejunum, 

and ileum!

together, these 
make up the small 

intestine...

and absorption of  
digested food occurs in 
the cellular surface of 

the mucus membrane of the 
small intestine.

Next, those 
nutrients are 

finally absorbed, 
aren’t they?

Indeed!

Oh!

The small 
intestine!

Do you 
know which 

organ is 
responsible 

for that 
work?

Stomach Duodenum

Ileum

Jejunum

Large 
intestine Intestinal wall

Constrictions behind 
the lump cause it to 

move forward.

the Small and 
large Intestines



The Small and Large Intestines  63

Personally, I think 
of toothpaste 

being squeezed 
out of a tube.

Wow. We’ve 
covered 

all of the 
digestive 
organs.

You 
forgot 
pooping!

Let’s say 
defecation, 

okay?!

Moisture is 
absorbed by the 
large intestine.

So poop with 
a proper 

consistency can 
be formed.

If your large 
intestine doesn’t 
absorb moisture 

properly, your poop 
will be runny.

Enough already. 
Let’s say soft 

stool!

we’re almost at 
the end of the line: 

the anus. 

By the way, because 
of peristaltic motion, you 

can eat a meal even if you're 
standing on your head or in 
a weightless state. and of 
course, you can also poop 

in space, too.

That’s also 
pretty close.

She’s no 
better 
than he 

is…

OK OK…

Cough  
	 cough
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Here,  
once again, our 

old friend...

Peristaltic 
motion 
causes 

defecation!

Right.

In more detail,

the feces arrives 
at the rectum, 

which is one step 
before the anus.

Feces 
gradually 

accumulate and 
apply pressure 
on the rectum...

...and a 
reflex* 

causes the 
rectum to 
begin to 
contract.

So...

The interior anal 
sphincter loosens 
at the same time as 
that contraction.

This is an 
involuntary 
movement.

Then you rush to 
the toilet and 

strain.

From this 
point on, it’s 
all voluntary 

movement,  
right?

Right. the exterior anal 
sphincter loosens, 

and our long journey 
through digestion and 
absorption is at an end.

let's talk some more 
about the nutrients 

that the body absorbs 
during digestion.

You mean 
carbohydrates, 

fats, and 
proteins?

The Three major nutrients

In other 
words, 

you apply 
abdominal 
pressure.

Feces

Rectum

Anus

Defecation

Contraction 
of the rectum 
(involuntary 
movement)

Abdominal pressure 
(voluntary movement)

Relaxation

Anal sphincter

* A reflex is an involuntary movement in response 
to a stimulus.
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I couldn’t quite 
understand 
metabolism.  
it seemed to  

involve so much  
chemistry...

just 
remember...

metabolism 
consists of 

chemical reactions 
that are constantly 

occurring inside 
the body.

Well,  
for now...

But for now, 
let’s stick to 

the three major 
nutrients.

Tell me all 
about them, 

please!

let's talk some more 
about the nutrients 

that the body absorbs 
during digestion.

You mean 
carbohydrates, 

fats, and 
proteins?

The Three major nutrients

Yeah!

These three major 
nutrients are 

energy sources.

Sometimes we include vitamins 
and minerals, and this group 

is called the five major 
nutrients.

Carbohydrates

Carbohydrates

Fats Proteins
Vitamins

Minerals

When you count 
us in, we’re 

the five major 
nutrients.

Fats Proteins

	
			

Three Major Nutrients
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First, let’s 
start with 

carbohydrates.
Carbohydrates 

include glucose, 
fructose, 

galactose, lactose, 
maltose, sucrose, 

and starch.

That’s why sweets 
are indispensable 

during study 
breaks!

The only 
energy source 
for the brain 
is glucose!

The 
foundation of 
carbohydrates 

is glucose!
Even if you fast for 
a couple of days, it’s 

unlikely that your brain's 
energy source will be 
completely depleted.

But when you’re 
really hungry, 

your mind begins 
to wander.

You become 
a bit of a 

blockhead. 
By the way, 

table sugar is 
sucrose.

Hard as a 
sugar cube!
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Let’s look at all 
the different 

kinds of 
carbohydrates.

They are 
classified 
like this.

So digestion 
proceeds in stages. 
for example, starch 
is broken down into 

maltose. 

And then 
everything is 

eventually used 
inside the body as 

glucose.

So candies, pastries, and 
other sweets are absorbed 
quickly by the body since 
less effort is needed to 

break them down,  
right? 

You got 
that part 

perfectly...

let’s move on 
to fats.

Types of Carbohydrates

Monosaccharides*

Disaccharides**

Polysaccharides***

Starch

Glucose

Sucrose

Glucose + 
fructose

Fructose

Lactose

Glucose + 
galactose

Galactose

Maltose

Glucose × 2

* Monosaccharides: Most easily absorbed by the body 
** Disaccharides: A form in which two monosaccharides 
are joined together 
*** Polysaccharides: A form in which many types of 
monosaccharides are joined together

Crumble
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Speaking of fat... 
Rosu Katsu pork 

cutlet is the 
best! better than 

Hire Katsu!

Daydreaming 
again?

I prefer 
Hire Katsu.

Pork and other 
fatty animal 

meats contain 
neutral fat.

Neutral fat is 
a lipid.

Meat also has 
cholesterol.*

Don’t we have 
to eat some fat, 

even if we’re 
dieting?

Of course.

It’s an excellent 
source of energy 
and essential fatty 

acids.**

But what about 
all the calories 

in fat?

Huh? That’s 
unfair. Fat 

really gets a 
bad rap. 

Neutral Fat

Cholesterol

* The blood contains bad cholesterol (LDL) that 
promotes atherosclerosis and good cholesterol 
(HDL) that prevents atherosclerosis.

** Essential fatty acids are unsaturated 
fatty acids that the body cannot produce 
by itself, so must absorb from food.



Generally, unsaturated 
fatty acids are 

contained in plants 
and fish.

and saturated fatty 
acids are contained 
in the fats (lipids) of 

mammals.

What you should 
remember here is that 
various types of fatty 
acids are combined in 

neutral fats.

let’s look at 
the structure 
of neutral fat.

Triglycerides, a 
common type of 

neutral fat, consist 
of glycerol combined 
with three fatty acids.

Fatty acids are  
classified as either 

saturated or unsaturated. 
These are joined together 
with glycerol (also called 
glycerin) to make various 

combinations.

That’s right. 

This  
combination 
is called a 

triglyceride, 
right? *

* Neutral fats are classified by fatty acids that form 
them, as well as the number of carbon atoms and the 
connections between them. Even beyond triglycerides, 
there can also be mono- and diglycerides.

Neutral Fat

Glycerol Glycerol

Unsaturated 
fatty acid

Saturated 
fatty acid

Unsaturated 
fatty acidUnsaturated 

fatty acid
Saturated 
fatty acid

Saturated 
fatty acid



Last, we’re 
going to 

cover proteins, 
right? 

Of course, 
they can also 
be used for 

energy.
Right.

Pepsin’s back! 
And he’s on a 

rampage!

Proteins 
consist of 
many amino 
acids linked 
together.

Pepsin breaks 
down proteins 

into those 
smaller pieces!

Right!  
Digestion can 

proceed!

Small numbers 
of linked amino 
acids are often 
called peptides.

Proteins and amino 
acids seem a little 
like toy building 

blocks.

Proteins are important 
nutrients for the 

structural components 
of the body, such as 
muscle, bone, skin, 

and blood.

BA
M!

Pepsin

Pepsin

Pepsin

Pepsin

Amino acid

Peptide

Protein

Huh?

BAM!



First, let's 
imagine this 

building made 
of blocks is a 

protein.

Many different 
blocks 

are joined 
together.

So each 
individual 

block is an 
amino acid?

This block is 
different.

It’s great 
that you 

noticed that.

That is an 
essential 
amino acid.

Like the 
essential fatty 
acids we talked 
about earlier…

The second phase of 
metabolism is called 

anabolism. It’s the reassembly 
of the individual blocks (amino 

acids) into more complex 
proteins.

When anabolism occurs, new 
structures are created that 

are different from the original 
configuration (like making an 
airplane or robot from a pile 

of blocks)!

More accurately, 
those parts might be 

used to create muscle, 
bone, or skin, for 

example!

we can’t create 
them ourselves, so 

we absorb them 
from food, right?

The first part of the 
process of metabolism 

(called catabolism) 
consists of breaking 

this building into 
pieces.

When this occurs 
during digestion, 
we end up with 
individual parts.

Amino acid

I get it…

That’s 
right!
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Even More About The Digestive system!
Let’s look at all of the digestive organs again! These include the organs of the alimentary 
canal (or digestive tract) from the mouth to the anus—as well as the liver, gallbladder, and 
pancreas. If we liken the sequence of processes included in digestion and absorption to a 
factory, it would look a little like this.

The Digestive System in Action

Mastication (chewing)
Mastication is collaborative 
work performed by the 
teeth, jaw, and tongue.

Action time: 2-4 hours. 
This can differ, depending on what 
you’ve eaten. Foods that have a lot 
of protein take longer to digest.

Saliva
Up to 1.5 L 

per day



 squeak 

squeak

Nutrient 
delivery

Saliva
Saliva moistens the food.
It contains digestive
enzymes.

Deglutition (swallowing)
The swallowing of food that was ground 
down into finer pieces in the mouth is 
called deglutition. Food passes through 
the esophagus and enters the stomach.



tap 

tap

Esophagus

Stomach



Stomach
The stomach secretes hydrochloric acid 
to begin digestion and to sterilize the 
food. It also secretes digestive enzymes 
that digest proteins and fats. These juices 
act together to break down food so that 
it can be absorbed into the body. Gastric juiceGastric juice

Up to 2 L 
per day

Large Intestine
The large intestine takes moisture 
out of the food matter, reclaiming 
water into the body and creating 
a firm stool. 

Duodenum
Alkaline digestive fluids are mixed into the chyme 
from your stomach to neutralize the stomach acids 
before they enter the intestines. Pancreatic juice 
secreted from the pancreas also contains digestive 
enzymes to break down proteins and fats. Bile 
secreted from the gallbladder helps digest lipids 
(see Figure 3-7 on page 80). 

Small Intestine

Small Intestine
Digestive fluids that carry out the final stage of digestion 
are secreted, and nutrients are steadily absorbed at the 
same time from nutrient absorption cells that line the walls 
of the small intestine. The length of the small intestine is 
approximately 6 to 8 meters in an adult.





cla�er

Action time: Approximately 3 to 5 hours

cla�er

cla�er

Duodenum

Gall-
bladder

Nutrient 
delivery

pat

pat

pat

pat

Large Intestine

Liver

cla�er

Nutrient

Pancreatic 
juice

wh�sh wh�sh

Rectum
The rectum can be thought of as a feces 
waiting room. The feces accumulate there, 
and when enough accumulate to exert 
pressure, the rectum begins to contract 
and the interior anal sphincter loosens. 
These motions are involuntary and send 
a message to your brain telling you that 
you need to poop. When a bowel movement 
begins, the exterior anal sphincter opens, 
and you defecate.Anus

Open the 
gate!




Increased

rectal
pressure…

Rectum

Action time: Approximately 10 hours, 
although it can take up to several 
days for food to pass through the 
large intestine.

 

 

 

 

  

 

 

Mastication (chewing)
Mastication is collaborative 
work performed by the 
teeth, jaw, and tongue.

Action time: 2-4 hours. 
This can differ, depending on what 
you’ve eaten. Foods that have a lot 
of protein take longer to digest.

Saliva
Up to 1.5 L 

per day



 squeak 

squeak

Nutrient 
delivery

Saliva
Saliva moistens the food.
It contains digestive
enzymes.

Deglutition (swallowing)
The swallowing of food that was ground 
down into finer pieces in the mouth is 
called deglutition. Food passes through 
the esophagus and enters the stomach.



tap 

tap

Esophagus

Stomach



Stomach
The stomach secretes hydrochloric acid 
to begin digestion and to sterilize the 
food. It also secretes digestive enzymes 
that digest proteins and fats. These juices 
act together to break down food so that 
it can be absorbed into the body. Gastric juiceGastric juice

Up to 2 L 
per day

Large Intestine
The large intestine takes moisture 
out of the food matter, reclaiming 
water into the body and creating 
a firm stool. 

Duodenum
Alkaline digestive fluids are mixed into the chyme 
from your stomach to neutralize the stomach acids 
before they enter the intestines. Pancreatic juice 
secreted from the pancreas also contains digestive 
enzymes to break down proteins and fats. Bile 
secreted from the gallbladder helps digest lipids 
(see Figure 3-7 on page 80). 

Small Intestine

Small Intestine
Digestive fluids that carry out the final stage of digestion 
are secreted, and nutrients are steadily absorbed at the 
same time from nutrient absorption cells that line the walls 
of the small intestine. The length of the small intestine is 
approximately 6 to 8 meters in an adult.


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Action time: Approximately 3 to 5 hours
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cla�er
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bladder

Nutrient 
delivery
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pat
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Large Intestine

Liver

cla�er

Nutrient

Pancreatic 
juice

wh�sh wh�sh

Rectum
The rectum can be thought of as a feces 
waiting room. The feces accumulate there, 
and when enough accumulate to exert 
pressure, the rectum begins to contract 
and the interior anal sphincter loosens. 
These motions are involuntary and send 
a message to your brain telling you that 
you need to poop. When a bowel movement 
begins, the exterior anal sphincter opens, 
and you defecate.Anus

Open the 
gate!
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although it can take up to several 
days for food to pass through the 
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Mastication (chewing)
Mastication is collaborative 
work performed by the 
teeth, jaw, and tongue.

Action time: 2-4 hours. 
This can differ, depending on what 
you’ve eaten. Foods that have a lot 
of protein take longer to digest.

Saliva
Up to 1.5 L 

per day



 squeak 

squeak

Nutrient 
delivery

Saliva
Saliva moistens the food.
It contains digestive
enzymes.

Deglutition (swallowing)
The swallowing of food that was ground 
down into finer pieces in the mouth is 
called deglutition. Food passes through 
the esophagus and enters the stomach.



tap 

tap

Esophagus

Stomach



Stomach
The stomach secretes hydrochloric acid 
to begin digestion and to sterilize the 
food. It also secretes digestive enzymes 
that digest proteins and fats. These juices 
act together to break down food so that 
it can be absorbed into the body. Gastric juiceGastric juice

Up to 2 L 
per day

Large Intestine
The large intestine takes moisture 
out of the food matter, reclaiming 
water into the body and creating 
a firm stool. 

Duodenum
Alkaline digestive fluids are mixed into the chyme 
from your stomach to neutralize the stomach acids 
before they enter the intestines. Pancreatic juice 
secreted from the pancreas also contains digestive 
enzymes to break down proteins and fats. Bile 
secreted from the gallbladder helps digest lipids 
(see Figure 3-7 on page 80). 

Small Intestine

Small Intestine
Digestive fluids that carry out the final stage of digestion 
are secreted, and nutrients are steadily absorbed at the 
same time from nutrient absorption cells that line the walls 
of the small intestine. The length of the small intestine is 
approximately 6 to 8 meters in an adult.
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ATP and the Citric Acid Cycle

Our bodies get energy from the foods and nutrients we take in. Our bodies synthesize or 
decompose such food and nutrients, and the reactions that carry out these processes are 
called metabolism. In this section, we will explain metabolism in a little more detail. 

First, let’s look at the process that produces energy by burning nutrients that are 
absorbed. Although we say “burning,” the energy source is not being set on fire inside the 
body. Instead, the energy is produced by a chemical reaction called oxidation.

Oxidation extracts energy from nutrients (carbohydrates, fats, and proteins) by using 
oxygen. These energy sources are oxidized to form ATP (adenosine triphosphate). We walk, 
digest, and carry out other activities using the energy that is produced by decomposing 
this ATP. 

ATP decomposition is the energy source for all the activity that goes on inside cells, so 
it is performed inside every cell in the human body. The energy obtained from ATP decom-
position is ultimately released as heat, as shown in Figure 3-1. 

Figure 3-1: ATP decomposition

ATP decomposition is the energy source for all the activity that goes on inside cells, so it is 
performed inside every cell in the human body. The energy obtained from ATP decomposi-
tion is ultimately released as heat, as shown in Figure 3-1.

The series of chemical reactions that burn nutrients to create ATP is called the citric 
acid cycle (see Figure 3-2). You don’t have to remember the specific reactions in the cit-
ric acid cycle for each nutrient. For now, just remember what the entire citric acid cycle 
accomplishes.

Where does ATP decomposition happen in the body?

Heat

Carbo-
hydrates
Carbo-

hydrates

Fats

Proteins Oxidation

ATP Heat

ATP decomposition

Cellular
activity
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Figure 3-2: The citric acid cycle

So how does the flow of energy production occur in the citric acid cycle? First, each 
nutrient is broken down by enzymes. Proteins and fats are broken down into amino acids 
and fatty acids, which are eventually transformed into a molecule called acetyl-CoA, which 
then feeds into the citric acid cycle. For carbohydrates, the process is a little more complex. 
Carbohydrates are broken down into glucose, which is then broken down further through 
glycolysis. Glycolysis produces a small amount of energy (2 ATP per glucose molecule) and 
yields pyruvate, which is eventually changed into acetyl-CoA. 

Once the three major nutrients are broken down into acetyl-CoA, the acetyl-CoA 
enters the citric acid cycle. Enzymes use oxygen to extract energy by causing a succes-
sive series of oxidation reactions. This produces high-energy molecules that are ultimately 
transformed into ATP through another series of reactions called the electron transport 
chain. Carbon dioxide and water are also by-products of the citric acid cycle and the elec-
tron transport chain. 

This cycle is an integral part of aerobic metabolism. Eventually, the citric acid cycle 
and other related pathways create about 20 times more ATP than does glycolysis alone. 

Oxidation of acetyl-CoA
produces ATP, which is then
decomposed to make energy

for cells inside the body.

ProteinsProteins
Carbo-

hydrates
Fats

Broken down 
by enzymes

Broken down by 
enzymes and 
glycolysisBroken down 

by enzymes

Acetyl-CoA

Energy (ATP),
CO2, and H2O

O2 O2

O2

O2

O2
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Digestive Fluids and Digestive Enzymes

We talked a bit about digestive fluids and enzymes earlier. Let’s go over them in more 
detail now. If you check the overall picture of the digestive organs shown on page 72, 
it will be easier to visualize what is going on.

That’s right. In one day you secrete around 8 liters of digestive fluids! You’d think you’d get 
dehydrated disgorging all that liquid, huh? Well, don’t worry. The moisture that is contained 
in the digestive fluids is absorbed by the alimentary canal as soon as the digestive fluids 
are secreted. As a result, you don’t get dehydrated.

Most digestive fluids contain digestive enzymes—bile is the only one that does not. But 
it still can be called a digestive fluid since it aids digestion, acting like soap to disperse and 
emulsify fats. Bile is the bitter yellow liquid that comes up when you vomit violently. If there’s 
nothing else to throw up, bile will be discharged. Bile is formed in part from the breakdown 
of old red blood cells (see “The Liver’s Role in Metabolism and Digestion” on page 78).

Next, let’s cover digestive enzymes. Your body cannot easily absorb food in its original 
form. Digestive enzymes play a major role in changing that food to a state that can be 
absorbed as nutrients by the body.

Don’t worry. I’m going to narrow them down to just three main types of digestive enzymes. 
There are rules that make it easier to remember the names.

It is customary for enzyme names to end in -ase. The Latin name for starch is amylum, 
so the enzyme that breaks down carbohydrates is called amylase. Protease is the enzyme that 
breaks down protein, and lipase is the enzyme that breaks down fats, or lipids (see Figure 3-3).

Different organs secrete different digestive fluids, right?

Indeed. Can you name them in order? Start with the mouth.

Well, there’s saliva in the mouth, gastric juice in the stomach, pancreatic juice and bile in 
the duodenum, and intestinal fluids in the small intestine.

Is that why I have to memorize them?

The citric acid cycle is also called the TCA cycle or the Krebs cycle, named after 
Hans Adolf Krebs, who received a Nobel Prize in medicine for his work on the 
subject.

Did You Know?
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Figure 3-3: Three main types of digestive enzymes

Digestive enzymes can be broadly classified into three types in this way. Amylase 
and protease can also be classified further into several types. Since there are only a few 
important digestive enzymes, you’ll be able to remember them if we organize them prop-
erly, as in Table 3-1.

Table 3-1: Main Digestive Enzymes and Their Effects

Enzymes for 
breaking down 
carbohydrates

Enzymes for 
breaking down 
proteins

Enzymes for 
breaking down  
fats

Saliva Salivary amylase 
starch → maltose

Gastric juice Pepsin 
proteins → peptides*

Pancreatic juice Pancreatic 
amylase, etc. 
starch → maltose

Trypsin, chymotrypsin 
proteins → peptides 
or amino acids

Pancreatic lipase 
fats (lipids) → fatty 
acids + glycerin

Intestines Sucrase, etc. 
sucrose, lactose, etc. 
→ monosaccharide

Erepsin 
proteins or peptides 
→ amino acids

* Peptides are short, linked-together chains of amino acids, which have fewer molecules than proteins. 

Lipase

Carbohydrates Proteins Fats

Starch

Enzyme

Enzyme

Enzyme

Protein Fat

Amylase Protease

(amylum)
(lipid)

There sure are a lot, and some enzymes don’t end in -ase.

If only it were that easy! Just remember that the enzymes without -ase break down 
proteins.
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The Liver’s Role in Metabolism and Digestion

Finally, let’s talk about the liver, which performs important work involved in digestion and 
metabolism. You probably know that the liver is an internal organ that's involved in a wide 
variety of activities—up to 500 different functions!

The liver receives blood from two kinds of blood vessels: the hepatic arteries, which 
carry arterial blood containing oxygen from the aorta, and the portal vein, which carries 
venous blood containing nutrients that were absorbed from the intestines. More than two-
thirds of the liver’s blood supply is from the portal vein, supplying it with about half of the 
oxygen the liver needs, as well as the nutrients critical for various metabolic activities.

Since the liver is involved in so many different activities, I’ll explain just a few of the 
major activities one at a time. The function of the liver is shown in Figure 3-4.

Figure 3-4: Two of the liver’s major activities are detoxification and metabolism.

The liver gets 
more blood from

the portal vein than
from the hepatic

artery.

The liver receives 
blood from the 
portal vein and 
hepatic arteries.

To the 
heart

Hepatic
veins

Detoxification

Portal
vein

Hepatic
artery

O2, etc.

Mesenteric veins
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One job is detoxification of alcohol or other toxic substances that have entered the 
body. Poisons enter the body most frequently through the mouth. They are then absorbed 
by the alimentary canal and sent from there to the liver through the blood vessel called 
the portal vein.

Another job of the liver is metabolism. Nutrients taken from the alimentary canal are 
used as materials to synthesize or break down proteins, cholesterol, fats, and hormones 
(see Figure 3-5). The liver is responsible for a vast number of other crucial functions, from 
maintaining proper blood clotting to producing growth hormones. 

Figure 3-5: The liver releases glucose when the body needs it.

The fourth job is creating bile. The bile that is created in the liver is concentrated 
and stored by the gallbladder. This bile aids the action of the digestive enzymes and the 
absorption of fats. In other words, the liver also plays an important role in digestion. Inci-
dentally, the yellowish color of bile comes from bilirubin, which is a waste product produced 
by the metabolism of the hemoglobin in red blood cells (see Figure 3-6; see also “Red 
Blood Cells” on page 112).

Just think how terrible it would be if you didn’t have a liver! You couldn’t metabolize 
absorbed nutrients and you couldn’t create bile. Poisons would circulate throughout the 
body without being detoxified, and there would be no storehouse for nutrients that are 
required at critical times.

It’s also released when 
you’re feeling severe stress.

Energy supply is 
insufficient! Send 

emergency glucose now!! Leave it

to me!

I’m hungry 
and have 
no energy. Help! Now I feel

energized.

A distress signal
calls the liver

to action!

Glucose
released!!
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Figure 3-6: The liver breaks hemoglobin down into bilirubin  

to make bile, which is then stored in the gallbladder.

Gallbladder

Change this 
hemoglobin...

...to bilirubin!

Hemoglobin

Bile

The liver has so many jobs. What would happen if you lost part of your liver?

The liver has an amazing ability to regenerate. Even if a doctor removes as much as 
three-fourths of it during an operation, it will regenerate to its original size!
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Hello...

Whoa! 
Professor?!

cre a k

the Kidneys and  
the Renal System

Cleaning out waste  
All Day, Every Day



What are you 
doing?

Oh, you’re here 
early today, 

huh?

Right now, I’m 
organizing my 

collection.

let’s see...

While I’m tidying 
up, I can teach 
you about the 

kidneys!

How did this 
get to be a 

conversation 
about kidneys?

Wha—?

Uhhhhhhh….

I 
N 

S 
E 

C 
T 

S



I've put off 
organizing for 

too long.

I’ve got to 
figure out 

what to get 
rid of.

Looks like junk 
to me. Why not just 
chuck it all in the 

trash?

Waste products 
accumulate in a 

person’s body in 
the same way.

The kidneys 
help dispose 

of those waste 
products.

Unnecessary 
waste is 

discarded from 
the kidneys in 
the form of 

urine.

That’s 
right.

Eliminating 
unnecessary 

substances from 
the body in this 
way is called 

excretion.

Kidneys

Urine

Water

Waste 
products*

Electro­
lytes

Excretion

* Waste products include urea (from protein metabo-
lism), uric acid (from nucleic acids), creatinine (from 
muscle metabolism), urobilinogen (a byproduct of 
hemoglobin breakdown), and various products of 
hormone metabolism.

Filtering the Blood
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So what do the 
kidneys do to 
create urine?

Filter 
blood...

Right.

first, the kidneys 
coarsely filter 

the blood... Then they recover 
any materials the 
body needs from 

the filtered blood 
and discard the 
rest as urine.

Hmm... 
Let’s try 

to actually 
do it.

Wi-with 
this?

Sure, we can model 
a renal corpuscle 

right here. This 
desk will be the 

glomerulus of the 
kidneys.

The glomerulus 
is made of 

interconnected 
capillaries.

Er...um...

B AM
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The glomerulus 
is a network of 

capillaries bundled 
up, kind of like a 

ball of yarn,  
right?

The glomerulus 
acts like a sieve, 

filtering blood as 
it passes through 
tiny openings in 

the walls.

Yeah, this is 
Bowman’s capsule, 

which captures 
the filtered 

blood.

The stuff 
piled here 

corresponds 
to the filtered 
byproducts of 

the blood.

Right.
But this is just the 

stuff that was 
mechanically filtered 
by the force of the 

blood pressure...

Renal Corpuscle

Blood vessel

Glomerulus

Insect 
collection

Filtration

Bowman’s 
capsule

Sp r
o

-

o
- i n g

Spro- o- i
n

g

Ta-da!
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do you know 
what this fluid 

inside the kidneys 
is called?

Um...

Some 
kind of 

pre-urine, 
right?

Close.

It’s called 
primary urine 

or glomerular 
filtrate.

Actually, its composition is 
almost the same as that of 
the blood flowing through 
the glomerulus, but without 

the larger particles 
like red blood cells and 

proteins.

In fact, the material in 
the Bowman’s capsule is 
more or less like blood 

plasma.*

Materials That Are Filtered into the  
Bowman’s Capsule from the Blood

Large particles are not  
filtered out of the blood.

Water, urea, 
 and glucose

Proteins Red blood 
cells

Only small particles 
are filtered out.

Bowman’s 
capsule

Blood

Glomerular 
Filtrate

Huh?

* see “What’s in Blood?” on page 111.
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But since this is 
just the first 

filter...

...substances 
that are useful 
are recovered.

So do you 
know what 
the tube 

connected to 
the Bowman’s 

capsule is 
called?

Is it...
the renal 
tubule?

That’s 
right!

Coarsely Filtered

Reabsorbing Water and Nutrients



Absorption 
from the renal 
tubule to the 

surrounding blood 
vessels is called 

reabsorption.

Incidentally, 
that renal 

tubule is divided 
into three parts.

Do you know 
what they are 

called?

Um...what 
are they 
called....

He...he...hen...

H-e-n-l-e!!
The loop 
of Henle!

The part of the renal tubule 
that follows the Bowman’s 

capsule is called the proximal 
convoluted tubule. The next 
part, which gets narrower 

and makes a hairpin-like turn, 
is called the Loop of Henle. 

the part following that is the 
distal convoluted tubule.

the renal corpuscle 
and this renal tubule 

together are called a 
nephron.*

A nephron is 
the most basic 

functional unit of 
the kidney.

That’s it.

G 
r 
r 
r 
r 
r

Renal 
pelvis

Nephron

Blood vessel

Distal 
convoluted 

tubule

Collecting 
tubule

To renal 
pelvis

* A single kidney contains approximately 1,000,000 nephrons.

Renal 
corpuscle

Proximal 
convoluted tubule

Loop of 
Henle

Ureter 

Renal 
medulla

Cortex

Structure of a Nephron

And when we 
zoom in…
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So the 
substances that 
are reabsorbed 

in the renal 
tubule are…

Water and 
minerals.

right! Glucose, 
amino acids, and 
vitamins are also 

reabsorbed.

So the renal tubule 
actually does the 
work of disposing 
of excess minerals, 

acids, toxins, and 
other unnecessary 

substances that have 
been left in the blood.

Wow,  
The kidneys 

are 
amaaazing!

In this way, the kidneys 
maintain a stable, constant 

environment inside the body 
called homeostasis.*

Reabsorption

Blood 
vessel

Glomerulus

The required amounts of water 
and minerals such as sodium and 

potassium are reabsorbed depending 
on what the body needs.

Renal 
tubule Reabsorption

Reabsorption

Blood 
vessel

Ahh, true 

love ~ 



* see “Urine and Homeostasis in the Body” on page 92.
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That’s not 
garbage!

Do you know 
approximately 

how much 
liquid from the 

glomerular 
filtrate is 

disposed of 
as urine?

Maybe... 
half...?

Not even 
close!!

The amount of 
water excreted 

as urine is 1/100 of 
the glomerular 

filtrate.

That means 
99 percent is 
reabsorbed 
by the renal 

tubule.

Only 
1 percent is 
discarded?!

Garbage!

So we should 
discard the 

remaining stuff in 
the renal tubule?

Garbage!

Hold on!

STOP!

Huh?

Wait a minute!

Disposing of Urine



That’s right!

So while the 
amount of urine 

produced per day is 
approximately 1 to 
2 Liters, the amount 

of glomerular 
filtrate per day is 
around 180 Liters, 
believe it or not.

Mr. Kidney is 
such a hard 

worker!!

So that’s how 
we learn about 
physiology by 

sorting through 
my giant pile 

of stuff.

I understand 
what the kidneys 

do but...

I don’t think 
I’ll ever 

understand 
this!!

Reabsorption

A 
l 
m 
o 
s 
t 
  

99 
 

p 
e 
r 
c 
e 
n 
t

The Work of 
Mr. Kidney

The name’s 
Kidney.

I make urine by 
concentrating 
primary urine 
(glomerular 

filtrate). Oh m
y!

Whap

Splas
h

. . . producing 1 to 2 liters 
of urine daily!

TOGETHER FOREVER

Ta-da!!!

Water

Minerals

Amino acids

Vitamins

Renal tubule

Sweat

Sweat

Hustle

Hustle

180 L of glomerular 
filtrate per day

The kidneys continue to 
work all the time . . .

S o  m uch  stu f f

Waste Reabsorbed!

Reabsorption
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Even More About the Kidneys!
Besides water, urine contains components such as sodium and other minerals, urea, uric 
acid, and creatinine. In a healthy person, urine is pale yellow and transparent since it 
contains no proteins or sugars. However, the properties of urine are not always constant 
as urine has a close relationship with homeostasis.

Urine and Homeostasis in the Body 

That’s right. That’s because the environment inside the body—such as the amount of water 
or pH—is being kept in a stable, constant condition. 

To keep the body in this stable condition, the kidneys often have to eliminate different 
amounts and concentrations of material. The food and drink that we consume, the amount 
of activity we engage in, and how much we perspire all vary from day to day, and the 
substances that are disposed of as urine vary accordingly.

If you don’t drink much water or if you release a lot of liquid as perspiration, you 
will urinate a smaller volume of more concentrated, darker urine because your body will 
want to dispose of as little liquid as possible. If you drink a lot of water, you will urinate a 
greater volume of paler urine because your body will steadily dispose of that excess water 
as urine.

A healthy adult produces about 1 to 2 liters of urine a day, which can be about 1 milli
liter of urine per minute. If urine were discharged as fast as it’s produced, we’d have to 
wear diapers all day! Instead, the bladder stores up urine until it starts to get full, and 
that’s when you have to urinate. Let’s look at what happens to urine in the body. Urine 
is produced in the kidney, and then it passes through the ureter and accumulates in the 
bladder. When you are standing or sitting, urine naturally falls into the bladder because of 
gravity. But urine is transported to the bladder even if your body is horizontal or if you are 
an astronaut in a state of weightlessness. This is because the ureter performs peristaltic 
motion to send urine to the bladder. We saw peristaltic motion earlier in the alimentary 
canal, too.

The regulation of urine volume is mainly affected by two hormones. One is called the 
antidiuretic hormone (ADH), and is secreted from the posterior pituitary gland (see “Main 
Endocrine Organs and Hormones” on page 221). It is also known as vasopressin. The 
other hormone is called aldosterone, which is secreted from the adrenal cortex (see “The 
Adrenal Glands” on page 215).

ADH is primarily secreted when blood volume is low and blood is more concentrated 
(see “Osmotic Pressure” on page 106 for more on blood volume), such as when the body 

The color and odor of urine can change quite a lot. After I run a marathon, the color of my 
urine gets really dark, but when I drink a lot of water, I urinate a large amount of almost 
colorless urine.

So how is the volume of urine in the body regulated?
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is dehydrated. It stimulates the reabsorption of water through the renal collecting duct. 
This increases the water volume in the blood so that the urine is concentrated and the 
volume decreases.

Secretion of aldosterone is similarly triggered by decreases in blood volume and even 
blood pressure. Aldosterone stimulates the reabsorption of sodium from the renal tubule 
into the bloodstream. Through osmosis, water follows the sodium and is reabsorbed into 
the bloodstream (see Figure 4-1), reducing the urine volume as a result.

Figure 4-1: Water reabsorption from urine

The Process of Urination

Let’s go over what happens during urination. When there’s room in the bladder to store 
more urine, the smooth muscles in the wall of the bladder relax while both the internal 
sphincter (smooth muscles) and external sphincter (skeletal muscles) located at the exit 
of the bladder contract, holding the urine in. When approximately 200 to 300 milliliters of 
urine have accumulated, the bladder walls stretch out and a message is sent to the brain, 

Antidiuretic
hormone (ADH)

Blood
vessel

Aldosterone

Renal
tubule

Water

Water

GlomerulusGlomerulus

Homeostasis and the Body’s Crisis Management System

Living creatures must maintain homeostasis despite changes inside and outside 
the body. Homeostasis is an active and dynamic process: the body regulates its 
temperature and pH, fights off invading pathogens, and heals wounds. Many dif-
ferent systems, from the autonomic system to the endocrine system, work together 
to maintain a delicate equilibrium. In addition to the many bodily functions that go 
unnoticed, the drive for homeostasis can affect the way we feel and act. The body 
becomes hungry when blood sugar drops and thirsty when dehydrated, for example. 
If the environment inside the body gets out of balance, the body will attempt to 
return to its normal state. 
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triggering the urge to urinate. When you rush to the bathroom to pee, the muscles in the 
bladder walls contract, the internal and external sphincters relax, and you urinate (see 
Figure 4-2). 

Figure 4-2: Bladder muscles controlling the release of urine

Usually, once urination begins, it continues until all urine is expelled from the blad-
der. However, if a problem occurs, some urine can remain inside the bladder. This is called 
residual urine, and it can cause an increased risk of infection or even kidney dysfunction.

When you want to urinate, the muscles in 
the walls of the bladder contract, and the 
internal and external sphincters open to 
release urine.

Oof

A���h

While urine accumulates, the bladder is 
stretched. The smooth muscles in the 
walls of the bladder relax, and both the 
internal and external sphincter contract.

Urgh

Approximately how much urine can the bladder hold?

Normally, when approximately 200 to 300 milliliters of urine has accumulated, you get 
the urge to urinate. However, if you really hold it in, you can store up to 500 milliliters. 
In fact, under some circumstances, the bladder is said to be able to hold up to 800 to 
1000 milliliters!

The Urinary Tract

Together the kidneys, ureter, bladder, and urethra make up the urinary tract. The 
bladder and internal sphincter are smooth muscles (involuntary muscles), and the 
external sphincter is a skeletal muscle (voluntary muscle). Therefore, urination is 
a complex, high-level operation in which involuntary actions and voluntary actions 
are intertwined.
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That’s right. The male urethra is 16 to 18 centimeters (6 to 7 inches) long, while the 
female urethra is only 3 to 4 centimeters (1 to 1.5 inches) long.

This is one of the reasons why females are more susceptible to cystitis or a urinary 
tract infection (UTI). Bacteria can enter through the urethral orifice, reach the bladder, and 
cause infection (see Figure 4-3). 

Figure 4-3: Different lengths of male and female urethras

Monitoring Blood in the Kidneys

No, the kidneys secrete hormones related to blood pressure and the creation of blood. 
Since blood is filtered in the kidneys, a large volume of blood is always passing through 
them. They monitor the blood flowing in, and if they discover a problem, they secrete a 
hormone to resolve that problem. It’s a well-balanced system, isn’t it?

The urethra is different in males and females, isn’t it?

Bladder

Bladder

3–4 cm

16–18 cm

The kidneys are also endocrine organs that secrete hormones.

What? They don’t just create urine?
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The kidneys carefully monitor two factors in particular: blood pressure and oxygen 
concentration (see Figure 14-4). If blood pressure drops, the blood can no longer be fil-
tered properly in the renal corpuscle. When this happens, the kidneys secrete the hormone 
renin, which then influences the hormones angiotensin and aldosterone, which in turn 
raise the blood pressure.

Figure 4-4: The kidneys secrete hormones to regulate blood pressure and oxygen concentration.

Low oxygen concentration of the blood flowing into the kidneys indicates that there 
are not enough red blood cells carrying oxygen. The kidneys will then secrete the hormone 
erythropoietin to influence the creation of more red blood cells in the bone marrow.

One more job that the kidneys perform is vitamin D activation, which allows us to 
metabolize calcium and strengthen our bones. Vitamin D can be absorbed from the foods 
we eat or created in the skin when the skin is exposed to the sun. However, it cannot 
strengthen bones directly. First, it must be converted by the kidneys to the active form 
of vitamin D, a substance called calcitriol, before the body can metabolize calcium (see 
Figure 4-5).

The two kidneys are located on the left and right sides of the body, at the lower 
back. When functioning normally, a single kidney is enough to work for the entire 
body! That means a patient suffering from end-stage renal disease may be eligible 
to receive a kidney from a sibling, and both of the siblings can then live with 
a single kidney.

Kidney Fun Facts!
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Figure 4-5: The kidneys convert vitamin D into calcitriol, which is necessary for the metabolism of calcium.

When the Kidneys Stop Working

The kidneys eliminate waste products that are produced in the body, as well as excess 
liquids and minerals. The average amount of urine produced in a day for a healthy adult is 
between 1 and 1.5 liters. However, this volume can change depending on how much water 
is drunk or how much the body has perspired, so it can be less than 1 liter or as much as 
2 liters. 

The production of less than 400 milliliters of urine per day is called oliguria. Oliguria can 
cause serious health complications because at least 400 milliliters of urine are required 
to dispose of the waste products produced in the body in a day. Anuria occurs if the daily 
urine volume is below 50 milliliters. 

That is called renal insufficiency or renal failure (see Figure 4-6). There are various degrees 
of severity, ranging from mild cases to conditions in which kidney function is almost com-
pletely lost.

Renal insufficiency occurs when the kidneys can’t perform their functions because 
they are diseased, infected, or overloaded with toxins or because their blood supply is 
interrupted due to injury. When renal insufficiency occurs, water, acid, potassium, and 
waste products are not disposed of effectively and can accumulate in the body. This is 
similar to what happens when a swimming pool filter breaks down and the water steadily 
gets dirtier. If waste products are not eliminated, the ensuing buildup of toxins can lead to 
uremia, a serious and even deadly illness.

Calcium

metabolism!!
Zap

Transform!

Transform!

ActiveActive
DD

What happens when the kidneys stop working?
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Figure 4-6: Renal insufficiency

Renal insufficiency can also mean that excess water is not disposed of, in which case 
the blood volume will increase, the heart will have to work harder, and heart failure may 
occur. Heart failure can in turn cause the lungs to become flooded—a condition called pul-
monary edema, which can lead to respiratory failure. Another result of renal insufficiency is 
a buildup of acid (acidosis), since acid is not eliminated. If excessive potassium accumulates 
in the body, the heart muscles may convulse irregularly (ventricular fibrillation), which can 
lead to sudden death. 
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Kidney Problems and Dialysis

Since the kidneys are also involved in the regulation of blood pressure, the produc-
tion of blood, and the metabolism of calcium, problems in the kidneys can cause 
high blood pressure, anemia, or bone fractures, as well as a buildup of toxins and 
water. For patients with severe kidney injury, machines have been developed to 
remove waste products and excess water from the body. This process is called 
dialysis.
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But she needs 
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this test.

So then you 
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Glug
Glug

Extra­
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Intra- 
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Rice padd
y

Better 
drink up!

You’ll  
need it. About 
60 percent of 
the human body 

is made of 
water.

I knew that!  
Two thirds of the water 

in our bodies is inside our 
cells (intracellular fluid) 

and the rest is outside 
(extracellular fluid).

Of the extracellular fluid, 
three quarters is interstitial fluid, 

inside the muscle tissue (also 
called tissue fluid), and the rest 
is either plasma inside our blood 
(intravascular fluid) or fluid in 

the body cavity!

Oh...That’s 
awesome!

Was all that 
written on 
the label?

I guess you 
caught me.

So...

Care to learn 
more about 
fluids in the 

body?

Yeah, 
sounds 
great!

Okay.
Start by 

imagining a rice 
paddy.

Ms. 
Karada...

Do you 
know how 

irrigation of 
a rice paddy 

works?

Wha-
what? 
Rice 

paddies...

cool, 
right?



Kumiko, Are 
you studying 

hard?
leave me alone!

sigh…

Water and 
nutrients are 

carried by the 
channels.

This supplies 
interstitial 

fluid between 
cells.

The cells absorb 
what they need 
from that fluid!

Blood

Interstitial fluid Cells

the Japanese 
countryside is 
filled with rice 

paddies.

rice paddies 
are really 

great.

There are 
insects 

everywhere...

Ahem... The rice 
plants are 
like cells... the irrigated  

paddy fields are 
like the interstitial 

fluid between 
cells...

and the channels 
drawing water from 

the stream to the 
irrigated paddy 

fields are like the 
blood vessels.

I see...

This is 
just weird 
enough to 

make sense!

Anyway, 
We can liken the 

irrigation in paddy 
fields to how 

fluids work inside 
your body.



Extracellular fluid

Intracellular fluid

Ocean  
water

life began in the 
prehistoric oceans. Intracellular 

fluid was 
enclosed by cell 
membranes and 
separated from 
the surrounding 

ocean water, 
which you might 

think of as 
extracellular 

fluid.

extracellular fluid 
in larger, more 

complex organisms 
has many of the same 
components as ocean 
water, providing an 

environment for 
cells that is similar 

to the ocean in 
prehistoric times.

As individual cells 
joined together 
and multicellular 

organisms evolved, 
eventually, they 

emerged from the 
ocean onto dry land. 
But in a way, it’s as if 
the cells remained in 
their own individual 

ocean (extracellular 
fluid).

* Blood can also be thought of as extracellular fluid 
that carries oxygen and nutrients to each cell.

Intracellular 
fluid

Extracellular fluid

Intracellular fluid

Extracellular fluid

Cell

Intracellular  
fluid Extracellular 

fluid

Blood*

Cell membrane

Interstitial fluid is 
the fluid outside 

our cells. Its 
components are very 

similar to those 
of plasma.

Interstitial fluid  
and blood are called 
extracellular fluid 

since they are outside 
of the cells.

And the fluid inside 
cells is called 

intracellular fluid.

The components of 
extracellular fluid 
and intracellular 

fluid are different, 
right?

How are they 
different?

Right.

But before we 
talk about how 

they’re different, 
let’s talk about 

why they’re 
different.
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Clap clap

Hmm...

So 
extracellular 
fluid is a lot 

like the ocean... 
And the ocean is 

very salty…

extracellular 
fluid is salty 
too, isn’t it?

Extracellular 
fluid has a lot 
of sodium (Na+).

Body fluids 
are really 
important, 

aren’t they?

That’s right!  
In other words, the 
nutrients and liquid 

in the blood are 
transferred to the 

cells throughout the 
entire body through 
the interstitial tissue.

Your body fluids 
must stay in a 

delicate balance 
to keep your 

cells functioning 
properly.

The water and 
nutrients from the 
irrigation channels 

(blood) feed into the 
water in the paddy 
fields (interstitial 

tissue) and then into 
the rice plants 

(cells).

But inside cells is 
a lot of potassium 
(K+) but not much 

sodium (Na+).
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Semipermeable 
Membrane

Water movement

Concentrated Diluted

Concentrated Diluted

Osmotic Pressure

Hmm, before 
I go any 
further…         

I should 
explain osmotic 

pressure  
to you.

Ah, I know a bit 
about osmosis 
from cooking...

we prepare  
pickled cucumbers 

by rubbing them 
with salt to dry 

them out!

But I’ll leave  
the details  

to you, 
professor.

Okay... 
let’s see.

Osmotic pressure 
comes into play 

when there are two 
volumes of liquid…

And those two 
liquids have different 

concentrations of 
a solute, like salt, 
and are separated 
by a semipermeable 

membrane.

A semipermeable 
membrane allows 
certain molecules 
to pass through, 
but not others, 

right?

Aren’t cellular 
membranes 

semipermeable?

That’s 
correct.

 In this situation, 
the water with 

less solute in it 
will move through 
the semipermeable 

membrane until 
both sides end 

up with the same 
concentration.

Osmotic  
pressure is the  

force that lets water 
flow from one side to 
the other through the 

semipermeable membrane 
to even out  

the concentration.

Osmotic Pressure
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Osmotic Pressure

I see.

When you make 
pickled cucumbers, 
this is the principle 
that draws out the 

moisture.

Oh!

Actually, they’re a bit 
different. Diffusion is 

the phenomenon in which 
particles spread out from 
a highly concentrated area 

to a less concentrated 
area. In osmosis the 

particles move from a low 
concentration to a high 

concentration.

I have a 
follow-up 
question!

If you have a high 
concentration of 
solutes in a liquid, 

is the osmotic 
pressure higher?

That’s 
exactly 
right. The strength of 

osmotic pressure is 
proportional to the 
number of particles 

in the liquid.

And those 
particles don’t 

necessarily 
have to be the 

same type.

Osmosis is the movement of water particles between two 
volumes of liquid (separated by a semipermeable membrane) 
with different concentrations of a solute. The movement of 
water is from low concentration to high concentration. 

Diffusion is the movement of solute particles as they spread 
out. The movement of particles is from high concentration to 
low concentration.

the water  
inside the cucumber,  

where the salt  
concentration is low, 

moves out of the cucumber 
to where the salt 

concentration is high until 
the concentration is the same 

inside and out. Is it like the 
way gas diffuses, expanding 

to fill a space?
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Semipermeable 
Membrane

Protein

Same Concentration

Splash

Protein

For example, body 
fluids contain 

electrolytes* such 
as potassium (K+) and 
sodium (Na+), as well 

as glucose and 
proteins.

water and 
electrolytes 

move from the 
dilute volume of 

liquid to the more 
concentrated 

volume.

After osmosis 
occurs, we end up with 
two liquids with the 

same concentration, but 
different volumes!

You 
got it!

* An electrolyte is a substance that is divided into positive 
and negative ions when dissolved in a liquid such as water 
and therefore carries an electrical charge. Sodium and 
potassium are both examples of electrolytes.

Proteins can't pass 
through the openings 
in the semipermeable 
membranes of cells, 
since their molecules 

are too large.

In other words, 
osmotic pressure is a 
measure of the force 
that draws the water 

and electrolytes 
through the 

semipermeable 
membrane from the 
other side, right?
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Albumin

I’m a 
protein!

Oncotic Pressure or 
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There’s too 
much water 
to bring in!

H2O

H2O

H2O

Blood

We can’t 
keep up.

Serum Albumin
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Interstitial Fluid

H2O

H2O

H2O

For body fluids, 
osmotic pressure is 

particularly affected 
by the concentration 

of proteins, 
specifically albumin.

Osmotic pressure 
caused by albumin 
is called oncotic 

pressure or colloid 
osmotic pressure.

So albumin in the 
blood creates 

oncotic pressure, 
which draws 
fluid into the 

bloodstream from 
the surrounding 

tissue?

That’s  
right!

A-ha!

When I 
oversleep 

and my face 
gets puffy, 

that must be 
hypoproteinemia, 

right?

That’s 
just over
sleeping...

If an illness reduces 
the amount of 

proteins in the blood 
(hypoproteinemia), the 
oncotic pressure of 

blood will be lower, and 
there will be less force 
drawing moisture from 

the interstitial fluid into 
the bloodstream. This 

causes interstitial fluid 
to build up (called 

edema).
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Even More about Body Fluids  
and the Blood!

Water is essential in all the normal functions of the human body. You need water to circu-
late blood throughout the body, maintain body temperature, dispose of unneeded waste 
products, and secrete digestive fluids.

Keeping Hydrated

Approximately 60 percent of human body weight is made up of water. Your body needs to 
maintain that proportion, so liquids that are expelled from the body need to be replaced 
(see Figure 5-1). Liquids are taken into the body from both water and other drinks, and 
from particular foods, like vegetables, meat, and grains. An adult male cycles around 
2600 milliliters per day: that’s 2.6 liters going in and 2.6 liters going out! 

Figure 5-1: Average volume of liquid entering and exiting body per day (for an adult male)

Incoming
Liquids

Outgoing
Liquids

* Water produced by 
oxidizing carbohydrates.

Drinks Urine

Food Perspiration

Metabolic water*
Respiration

Feces

1500 mL 1500 mL

800 mL 600 mL

300 mL 400 mL 100 mL

2600 mL 2600 mL

In a healthy person, the amount of liquid entering and exiting the body are the same, 
aren’t they?

That’s right. If the amount of liquid output is too little, edema occurs, and if it is too much, 
dehydration occurs.
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Dehydration can cause various problems. Circulatory failure, impaired consciousness, and 
an increase in body temperature can all result from serious dehydration. Dehydration can 
even lead to death.

Dehydration can occur in several ways. Intracellular dehydration is mainly caused by 
excessive perspiration or an insufficient intake of liquids. As this occurs, the concentration 
of solutes in the extracellular fluid becomes greater, increasing the extracellular osmolarity. 
This in turn causes water to move from the intracellular space to the extracellular space, 
and the person feels thirsty as a result. When the concentration of extracellular fluid is too 
high, it’s called hypertonicity.

On the other hand, extracellular dehydration occurs when the circulating blood volume 
decreases, causing blood pressure to drop significantly. This can be caused by a deficiency 
of sodium in the bloodstream; sodium helps retain liquid in intracellular fluids (especially 
blood plasma). If pure water were infused into the bloodstream in an intravenous drip, it 
would be too hypotonic for the body (that is, it wouldn’t have enough solutes, like salt and 
other electrolytes), and cells might swell and die as result. In a drip, electrolytes must be 
added to the water in order for the body to safely tolerate it.

What’s in Blood?

So far, we’ve been talking about water and fluids in the body in general. It’s time we start 
talking in detail about one body fluid in particular: blood. Blood has many important char-
acteristics and plays many vital roles in the body. 

Let’s start by thinking about how you would draw and examine a blood sample in 
a lab. When blood is drawn, an anticoagulant is added and the test tube is centrifuged. 
The blood cells will sink to the bottom, and a clear liquid will rise to the top, as shown in 
Figure 5-2. (When a liquid settles on top of another liquid or a solid, the upper layer is 
referred to as supernatant.) 

This clear liquid at the top is blood plasma. Blood plasma is the extracellular fluid that 
carries blood cells throughout the body and helps remove waste products. It is mostly made 
up of water but also contains essential proteins like antibodies and enzymes. 

The blood cells at the bottom of the tube can be divided into three general categories: 
red blood cells, white blood cells, and platelets. The majority of blood cells are red blood 
cells, which is why blood appears red. A test that finds the percentages of the various cells 
in the blood is called a hematocrit. I’ll now introduce each of these kinds of blood cells one 
by one.

What happens when the body is dehydrated?

Since liquids account for a greater proportion of the body weight of infants, and 
babies lose more liquids to perspiration and respiration than adults or older children 
do, infants can easily suffer dehydration. Elderly people with a reduced sense 
of thirst or less ability to conserve water are also at risk of dehydrating.

Who's at Risk?
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Figure 5-2: The components of blood and their distribution

Red Blood Cells

The most common type of blood cell is the red blood cell. Red blood cells are created in 
bone marrow. They don’t have a cell nucleus, meaning they can’t subdivide to make more 
cells, and they have a concave disk shape. This shape is advantageous because it increases 
the cell’s surface area, allowing it to bond to more oxygen molecules. Red blood cells can 
also elongate to enter a capillary that’s thinner than the blood cell’s usual diameter, as 
shown in Figure 5-3.

Figure 5-3: How big is a red blood cell?

Red blood cells transport oxygen using hemoglobin. Hemoglobin is a combination of a 
pigment called heme, which contains iron, and a protein called globin. Hemoglobin bonds 
easily to oxygen, which it picks up in the alveoli of the lungs. When hemoglobin picks up 
oxygen, it becomes a bright red color (see Figure 5-4). This is why arterial blood is bright 
red, while peripheral venous blood (blood whose oxygen has been transported to other 
parts of the body) is dark red.
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Figure 5-4: When oxygen finds hemoglobin, they immediately bond, and the  

hemoglobin becomes bright red.

That’s true. Since iron is an ingredient of hemoglobin, someone who does not take in 
enough iron will not make enough hemoglobin, and in turn the number of red blood cells 
will decrease.

Because women have menstrual cycles and lose a fixed amount of blood every month, 
they are more likely to become anemic. Women also naturally have a lower number of red 
blood cells and lower hemoglobin concentration than men.

Yep. The life span of a red blood cell is roughly 120 days. When they approach the end of 
their life spans, red blood cells are broken down and recycled by the liver and spleen. Fig-
ure 5-5 shows how heme becomes bilirubin and is excreted in bile. Iron is removed from 
heme and stored for later use.
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Oh my!

When there’s not enough iron in the blood, anemia occurs. Isn’t iron-deficiency anemia 
more common in women than men?

What Is Anemia?

Anemia is a condition caused by a reduction in the ability to transport oxygen due 
to a reduction in hemoglobin. It occurs when the hemoglobin concentration, or the 
number of red blood cells, has dropped below normal. Iron-deficiency anemia is the 
most common type of anemia, but there are other, more serious types of anemia, 
such as hemolytic anemia, caused by an abnormal breakdown of red blood cells, 
and aplastic anemia, caused by a disorder of the bone marrow that interferes with 
its production of red blood cells.

Red blood cells have a particular life span, don’t they?
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Figure 5-5: Heme being broken down into bilirubin, which is then secreted in bile.

Bile is stored in 
the gallbladder.

Red blood cells at the end 
of their life spans are broken 
down by the liver and spleen, 
where they turn heme into 
bilirubin.

Liver Spleen

Bilirubin

The liver processes bilirubin
and secretes it in bile.
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!
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Blood is classified into the ABO blood types according to antigens in the mem-
branes of red blood cells. The antigen for each type is like a special signature, and 
the immune system will attack all cells with antigens that don’t match the antigens 
corresponding to the person’s own blood type. That’s why you can receive blood 
only from someone with the same blood type as you in a blood transfusion. 
The most common blood types are O and A, while AB is rarer. 

Blood Fun Facts
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White Blood Cells

Blood contains approximately 5000 to 8000 white blood cells per microliter. White blood 
cells act as the body’s defense forces. One of their jobs is to repel foreign enemies such as 
invading bacteria and viruses.

White blood cells are broadly divided into granulocytes, monocytes, and lymphocytes, 
as shown in Figure 5-6. These are further classified into numerous types, each with dif-
ferent characteristics and responsibilities. All are extremely skillful at cooperating to  repel 
invaders.

Figure 5-6: Types of white blood cells

Granulocytes are characterized by intracellular particles called granules. The three types 
of granulocytes are neutrophils, eosinophils, and basophils. The majority of granulocytes are 
neutrophils, which destroy any existing invaders by engulfing and devouring them. This is 
called phagocytosis. The pus that sometimes exudes from a wound partly consists of neu-
trophils that have performed phagocytosis and died. There are relatively few eosinophils and 
basophils, but these types of granulocytes contribute to phagocytosis and allergic reactions.

Lymphocytes—which include B cells, T cells, and NK cells (or natural killer cells)—are 
major actors in the immune system. The T cells direct the immune response, and B cells 
prepare and release the appropriate antibodies. Along with the NK cells, the T cells also 
destroy any infected cells.

Monocytes are large, round cells when they are found in blood vessels. However, 
when they move through the blood vessel wall into tissue, they change shape and become 
macrophages. Macrophages extend tentacles to grab and devour invaders. This is another 
form of phagocytosis.

LymphocytesGranulocytes Monocytes

Specialist B Cells 

Once a foreign enemy like bacteria invades, B cells remember information about 
it. So if that substance invades a second time, the body can quickly identify it and 
release a large number of antibodies to repel it. However, a single B cell can only 
remember a single foreign enemy so millions of B cells exist in the human body to 
fight off the many potential attackers.
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When a foreign substance invades, neutrophils and macrophages (which can be 
thought of as scouting parties) rush in first and voraciously devour them. The 
macrophages then present the fragments of the devoured enemy to the T helper 
cells, (which are the “commanding officers”) to say, “This is what we’re facing!” Then 
the general offensive begins (see Figure 5-7).

Figure 5-7: The white blood cell defense forces

Once the macrophages present information about the invading 
forces to the T helper cells, the T helper cells instruct the 
B cells to prepare antibodies designed to fight that specific 
foreign substance.

Prepare

weapon Y.

W�a W�aW�a W�a

Ye�ir!

B cell

T helper cell

Bacterium

Macrophages
Chomp
chomp

The B cells prepare the antibodies and release them into the 
blood. The antibodies tag and neutralize the foreign substances, 
and the macrophages then devour and eliminate the neutralized 
enemy.

The T helper cells order the killer T cells to destroy any cells 
that were infected or damaged by the foreign substance.

destroy the 

infected ce
s!
Ye�ir!

Ug
h...

Killer T cells

It's over!!

Suppressor T cellSuppressor T cell

Once the foreign substance is entirely eliminated, the suppressor 
T cells call a stop to the defensive response. 

 

AntibodiesAntibodies

 

How do our bodies repel foreign substances?
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Platelets

A platelet is a cell involved in hemostasis, which is the process that stops bleeding. It has 
no nucleus and is produced in a bone marrow megakaryocyte (meaning large nucleus cell). 
One microliter of blood contains approximately 300,000 platelets. This might sound like 
a lot, but it is very few compared to the number of red blood cells. When blood is centri-
fuged, the platelet layer is extremely thin.

When a blood vessel is damaged and bleeding occurs, the platelets are the first to act. 
First, they gather at the damaged location to form a temporary plug. Then the platelets 
burst open and release substances that speed up hemostasis. Those substances react and 
eventually turn fibrinogen (a substance contained in blood plasma) in the blood into a fibrous 
substance called fibrin, which forms a mesh at the site of the wound. Red blood cells become 
caught in the mesh and clump together to form a robust dam to stop the bleeding. This 
clump is called a blood clot (Figure 5-8).

Figure 5-8: Closing a wound through hemostasis

Fibrin threads become entangled 
to form a mesh, and red blood cells 
are entwined to form the clot.

Blood vessel

Platelet White 
blood cell

Red 
blood cell

Platelets aggregate to fill up 
the wound.

Blood clot

An Allergy Is an Overreaction of the Immune System

An allergy can be thought of as a runaway immune function. Instead of repelling 
invading viruses or bacteria, the immune system is reacting to a substance that is 
not actually harmful, such as food or pollen.

 Food and pollen are common causes of allergic reactions. Allergy to pollen, 
often called hay fever, results in nasal inflammation or conjunctivitis. Bronchial 
asthma and atopic dermatitis (also known as eczema) are also common allergic 
reactions. 

The prevalence of allergies is increasing in both in adults and children. 
Although environmental factors (such as diet, reduced physical activity, better 
hygiene, or even changes in home heating and ventilation systems) are thought 
to be involved with the increase in these conditions, the actual reason is not yet 
known.
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Yes, pressure constricts the capillaries and blood vessels, slowing down the bleeding. This 
gives the blood time to clot. You can sometimes stop bleeding from capillaries or slender 
veins just by applying pressure.

Blood that’s been drawn naturally solidifies just like blood that’s released by bleeding. 
The solidification of blood is called coagulation. During an examination of drawn blood, 
chemicals are often mixed into the blood to prevent it from solidifying. Blood coagulates 
because blood plasma itself has clotting properties, as shown in Figure 5-9.

Figure 5-9: Coagulation in drawn blood

Blood is drawn and 
moved to a test tube.

1. 

After several
minutes

After several
hours

Serum

After several
days

When left alone, 
the blood will 
coagulate.

2. The clumps will 
become smaller, 
and a transparent, 
pale yellow liquid 
will seep out. This 
liquid is serum.

3. The clumps will 
dissolve and return 
to liquid thanks to a 
phenomenon called 
fibrinolysis.
  

4. 

After blood coagulates, a process called fibrinolysis will eventually break down and 
dissolve the blood clots. This mechanism prevents blood clots from spread-
ing and causing problems in the body.

Did You Know?

Applying pressure is an effective way to stop bleeding, isn’t it?
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Lounge

Osamu,  
dear boy...

Professor?

Hi,  Professor

Squeak

Um,  
excuse me,  

dorm mother...

sorry to 
interrupt...

...but when do 
you think the air 
conditioner in my 

room will get 
fixed?

junior, do you 
know Kumiko?

Yeah, we’ve met 
a few times...

Huh?  
Ms. Karada?!

Um, about 
the air 

conditioner...

I’m really 
sorry... Tea, huh?

OK, I’m sorry to 
inconvenience you.

I’ll fix it 
tonight! 

Here, come 
on in and have 

some tea.

It’s much cooler 
in the lounge.



Ah... 
so cool...

Ah, Thank you very much!

steam

throb	

throb

Ms. Karada,  
I didn’t know you 

boarded here.

Yes!

You didn’t 
scald 

yourself, 
did you?

I heard her 
call you 
“junior.”

I should have 
told you it 

was hot tea.

I like a hot 
drink when it’s 

hot out.

Right now I’m 
studying really 
hard about the 

nervous system .

Are you still 
cramming for 
your exam?

So Professor, 
you’re friends 
with my dorm 

mother?

Ouc
h!!!!

Neurons



Well, thanks to 
this burn, I have a 
personal interest 
in learning about 

nerve transmission! 

So how exactly 
was my reaction to 
touching the hot 
tea related to my 
nervous system?

Hmm, to explain 
that we should 
first talk about 
nerve cells, or 

neurons.

A network of 
nerves is spread 
throughout the 

body.

Neurons are 
the basic 

components of 
that network, 

right?

Right.  
Neurons have special 

cell structures 
called dendrites and 

axons.

When a neuron is 
excited,* it releases 
a neurotransmitter 

via a synapse to 
pass a signal to the 

next neuron.

Synapses transmit 
information in 
one direction 

only.

Information 
detected by 

the dendrite or 
cell body is 

transmitted via 
the axon.

Ow...

Central 
nervous 
system

Brain
Spinal 
cord

Peripheral nervous 
system

Neuron

Dendrite

Cell body
Axon

Synapse

Neurotransmitter

* When a neuron is stimulated, an electrical signal is sent down the axon to the synapse at the 
end, which then releases chemical neurotransmitters to stimulate the next nerve. If stimulation 
reaches a certain threshold, the nerve activates, transmitting the signal. If the threshold isn’t 
met, the nerve remains inactive. 

{



That’s 
right.

I know what  
happens next!

You sure have 
been studying, 
haven’t you!

I bet you’ve 
created some new 

neural networks with 
all that cramming! *

I doubt it.  
It’s so hot,  

I think my brain is 
melting away...

I think I 
understand 
this now...

So the peripheral 
nerves are a 

collection of nerve 
fibers, right?

The information passed along 
by the peripheral nerves 

then arrives at the central 
nervous system...

which consists of 
the brain and the 

spinal cord.

That network of 
nerves in the body 

forms the peripheral 
nervous system, which 

is divided into three 
types of nerves. 

Don’t the 
connections between 

neurons form a 
complex network in 

the body?

but These neurons 
aren’t connected 
in one long line, 

are they?

Sensory Nerves

Recognize the sensation 
of intense heat

Sensory nerves Motor nerves Autonomic 
nerves

* As we learn, the brain adapts by making new connections 
between synapses, rather than by creating new neurons. As a 
rule, neurons are highly specialized and do not undergo cell 
division.

Motor Nerves

Issue the instruction to “pull 
away your hand!”

Peripheral Nervous System

Autonomic Nerves

Make you feel startled and 
increase your heart rate

Thump 
thump

S M A

Thump 
thump

The nervous system
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Sensory 
nerves

Relay point 
(autonomic 

ganglia)

Skeletal 
muscles

Y 
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tut-t
ut

Motor 
nerves

Internal 
organs

Autonomic 
nerves

Sense 
organs

Brain

Spinal 
cord

Central 
nervous 
system

The three kinds 
of peripheral 

nerves operate 
like this.

Now, what happened 
when you touched 
the hot teacup and 

immediately pulled back 
your hand? The sensory 
signal took a shortcut, 

to make you react 
quicker.

I touched the 
teacup and was 

surprised...
Actually, No.

Your 
conscious 
feeling of 
“surprise” 
happened 

later.

A shortcut? 
Hmm, let me 
think back…

The motor nerves 
and sensory nerves 

transmit signals 
directly, whereas the 

autonomic nerves 
have relay points 
along the way.

Those relay 
points are 

bundles of nerve 
cells called 

ganglia.



Spinal 
cord

Muscle

Cerebrum

I see.

First, your 
fingertips perceived 

an extremely high 
temperature. That 

stimulus was transmitted 
through the sensory 

nerves and to the 
spinal cord.

When the stimulus enters 
the spinal cord, the 
information takes a 
shortcut! Instead of 

waiting for directions from 
the brain, the spinal cord 
transmits the instruction 

“contract!” straight to the 
motor nerves, which makes 

your muscles pull your 
hand away.

This is called a 
spinal reflex.

So at this 
stage, the heat 
sensation has 
not yet been 

transmitted to 
the brain?

So that’s when 
I experienced 

the heat?

Not yet...

Right. That makes 
sense.

It’s like a  
direct hotline 
for a danger 

signal.

Then...

The sensory information 
arrived at your 

cerebrum around the  
same time that you pulled 

away your hand. 

A spinal reflex 
occurs in 

response to a 
stimulus that is 
dangerous to 

the human body, 
such as pain from 

a burn.

This is when you 
consciously 

recognized the heat 
and pain.
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Bullet train  
(~300 km/h)

Motor nerve

How fast do 
these signals 

travel?

Although it varies 
depending on the 
structure of the 

nerve, the top speed 
for fast fibers is 

around 120 m/s.

That’s  
432 km/h!!

It’s faster 
than the 

Shinkansen 
bullet train!

my autonomic 
nerves flew into 
action Because my 
sympathetic nerves 

were excited!

They perked up 
my circulatory 

organs.

It’s amazing, 
isn’t it?

The signal goes 
from your hand 
to your brain in 

an instant!

you felt startled when 
your brain recognized the 
painful heat sensation and 
your heart rate and blood 
pressure probably rose.

A stimulus is 
transmitted 

along a nerve 
at extremely 
high speed.
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Look.

Your cerebrum issued 
a command to look at 
the hand that received 

the hot stimulus.

To carry out this 
action, you moved your 

hand, face, and eyes.

Your retinas sensed the 
red appearance of your 
hand and delivered this 
information through 

the nerves to the visual 
cortex of your cerebrum. 

then your cerebrum 
started to put the 

information together:  
“my hand turned red from 
the heat of the teacup.”

Your hand 
turned red.

Blow 
on it.

Puff
 

puff

Spot on!  
But not just 

that…

 ...Think of 
all the other 
actions your 

nervous system 
initiated, too.

All that 
happened 

pretty fast, 
too!

I guess 
my brain 

knows what 
it’s doing 
sometimes 
after all.

You 
said it!

and there's 
more...

The cerebrum uses 
past experience 
and information 

to respond to the 
situation—in this case, 
it issues a command 
to “blow on your 
hand to cool it.”



Pu
ff

 

pu
ff

It’s no 
longer hot.

Time to 

relax!
Ah...

Grum
ble

 

grum
ble

Your fingertips 
and eyes continued 
to send sensory 

information to the 
cerebrum...

the cerebrum realized 
that your hand wasn't hot 

anymore.

So you stopped blowing 
on your hand.

The activity of the sympathetic 
nerves receded, your heart rate 

and blood pressure fell, and 
your facial expression softened.

and This barely 
touches on 

the countless 
activities that are 

coordinated by the 
nervous system all 

the time!

the nervous system 
responded in such a 
complex way, with a 

mixture of completely 
automatic reactions and 
more rational decisions 
based on memories and 

experience...

And it all 
happened 
so fast!

The human brain  
really is amazing,  

isn’t it?

And the more 
you learn, the 

more powerful 
it becomes!

I hope my brain is 
powerful enough 

to pass this 
makeup test.

Maybe if I 
memorize 

enough of my 
textbook… 

Umm, not 
so fast.

You’re bound to retain 
some information through 

indiscriminate, rote 
memorization, but you’ll 

remember it better if you 
relate the information to 
a meaningful setting or 

experience.



Hm

Rattle

Bang

Summer  

    Festival

Wha—?!

Kyaaa~

So if I relate 
this information 
to my own body, 
I’ll understand 
and remember it 

better?

That’s exactly 
right!

Don’t worry, 
Ms. Karada. I 
think you’ll 
pass your 

makeup exam 
with flying 

colors.

Thanks 
to you, 

Professor...
physiology 
seems so 

interesting now.

Haha, it’s 
been an 
honor.

Why don’t we 
get outside 
for a bit?

But I think 
you’ll make 

more progress 
if you relax a 
little instead 

of just studying 
all the time.

Is he asking 
me out?! 

Ta
-d

a!
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Even More About the Nervous System!
You already know that the nervous system is divided into the central nervous system and 
peripheral nervous system. The nerves in the brain and spinal cord (the central nervous 
system) relay and collect information, make decisions, and issue instructions. Together, 
they can be thought of as the main control center of the body. Since the brain and spinal 
cord are such crucial organs, they are enveloped by meninges (membranes) and float in 
cerebrospinal fluid to protect them from impact. The brain collects and organizes all of our 
thoughts, emotions, perceptions, and behaviors, so let’s begin with a discussion of the brain.

Parts of the Brain

When you hear the word brain, you may think of the cerebrum—the main mass of the 
brain that is found under the skull—but that’s not really all there is. The brain is made 
up of the cerebrum, diencephalon (interbrain), mesencephalon (midbrain), pons, medulla 
oblongata, and cerebellum, as shown in Figure 6-1. 

Figure 6-1: The central nervous system

The mesencephalon (midbrain), pons, and medulla oblongata are also called the 
brainstem. The brainstem is the innermost part of the brain and is responsible for the 
essential activities of life, such as respiration and circulation. 

The part of the brain just above the brainstem, called the cerebral limbic system, is 
responsible for instinctive functions, such as appetite, sexual desire, pleasure, discomfort, 
and emotions. 

The diencephalon (interbrain), between the cerebrum and the brainstem, includes the 
thalamus, hypothalamus, and pituitary gland. It functions as the control center of the auto-
nomic nervous system and endocrine system.
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Structure of the Brain

If you take a cross section of the brain, you’ll see it divided into gray matter and white 
matter, as shown in Figure 6-2. The outer layer of gray matter is more formally called the 
cerebral cortex. It appears gray because of the neural cell bodies there, whereas the white 
inner layer is mostly made up of nerve fibers (axons). Those axons are white because they 
contain more fat tissue, which helps insulate the axons so that they can transmit signals 
more quickly. 

Figure 6-2: Cross section of the brain

The outermost layer of the cerebral cortex is called the neocortex. Neo- means “new,” 
as the neocortex is the most evolutionarily recent addition to the brain. The neocortex 
accounts for about three-fourths of the human brain’s mass.

The neocortex is responsible for the advanced cognitive functions that most distin-
guish human thinking from that of other animals. Worrying about failing an exam and 
studying for a retest are both jobs of the neocortex. Mastering the knowledge and skills 
needed to be a registered nurse, assessing patients and planning their care, and enjoying 
your time with friends are also all jobs of the neocortex. 

Notice in Figure 6-2 how the surface of the cerebral cortex is folded into many wrinkles. 
This dramatically increases its surface area so that a lot more neocortex can fit inside the 
skull. Our high capacity for intelligence owes a lot to the wrinkles in our brain.

In addition to the neocortex, the cerebral cortex contains the paleocortex and the 
archicortex. The paleocortex and archicortex developed much earlier in the evolutionary 
timeline, and they are responsible for basic functions that we have in common with other 
animals, such as appetite, sexual desire, and the sensation of pain. Figure 6-3 shows how 
the brainstem, paleocortex/archicortex, and neocortex stack up across snakes, dogs, and 
humans.

Gray matter
(cerebral cortex)

White matter
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Figure 6-3: Differences between the cortexes of animals and humans

Getting back to the neocortex, different areas of this structure are responsible for 
different functions, such as vision, speaking, walking, running, other motor skills, and so 
on. This is called localization of brain functions, or functional specialization. Figure 6-4 
shows the most important areas of functional specialization. The central sulcus marked 
in Figure 6-4 is a deep fold that runs across the middle of the brain, roughly from ear 
to ear. This feature separates the frontal and parietal lobes, and the motor and sensory 
cortexes.

Figure 6-4: Functional specialization of the neocortex

The neocortex handles 
thought and cognition, 
while the paleocortex 

and archicortex handle 
more basic functions 
we have in common 
with other animals.

Neocortex

Paleocortex and 
archicortex

Snake Dog Human

Brainstem

Wernicke’s area

The motor cortex, 
which issues 
instructions to 
move the body, 
is in front of the 
central sulcus.

Parietal lobe The sensory 
cortex, which 
receives bodily 
sensations, is 
posterior to the 
central sulcus.

Frontal lobe
Occipital lobe

The auditory 
cortex, in the 
temporal lobe, 
is responsible
for our sense 
of hearing.

Temporal lobe

The visual 
cortex, in the 
occipital lobe, 
receives visual 
information.

Broca’s area

Central sulcus
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Functions of the motor cortex and sensory cortex are further divided, with regions 
closer to the top of the brain responsible for the feet and regions closer to the temporal 
part of the brain (the side) responsible for the face and head.

That’s right. Let’s try to think of which areas are required to handle language. 
The methods we use to interpret language include reading characters and under-

standing sounds as words. Since each of these methods uses different sense organs and 
different types of information, separate locations are responsible for them.

The main area responsible for understanding language is Wernicke’s area. However, 
when we speak we must shape the words by moving our mouth and tongue and jaw 
and so on. The area responsible for these functions is Broca’s area. Both of these speech 
centers are in the left cerebral hemisphere. When brain damage causes problems with 
language, the symptoms differ depending on where the damage occurs. For example, if 
Broca’s area is damaged, a person may not be able to speak coherently, or at all, even if 
the person still understands other people’s speech.

Yes, the cerebellum coordinates your movements. It is below the cerebrum and behind the 
brainstem, compares the movement instructions issued by the cerebral cortex with the 
movements you actually make and issues signals to fine-tune the movement. As you 
repeatedly practice a movement, you become more skillful at it. This is the result of fine-
tuning by the cerebellum.

Brain Injuries

So does this mean that even when I’m just having a conversation, several regions are 
performing different functions at the same time?

The left hemisphere of the cerebral cortex is responsible for movement and sensa-
tion on the right side of the body, and the right hemisphere is responsible for 
movement and sensation on the left side of the body. 

Brain Fun Facts

The cerebrum issues instructions for telling the body to move. But isn’t the cerebellum 
involved with movement as well?

What about when the brain stops functioning? What’s the difference between a vegetative 
state and brain death?

In a vegetative state certain parts of the brain are still functioning, whereas brain death 
is an irreversible state in which all brain functions are lost. This includes involuntary func-
tions that keep the body alive, so when brain death occurs, the body dies too. 
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This is because not only is the person unable to speak or eat, but spontaneous res-
piration ceases and the heart quickly stops. When someone is in a vegetative state, on the 
other hand, the brainstem is still alive, and therefore respiration can occur and the heart 
continues beating. However, the person is not conscious and cannot respond. Figure 6-5 
shows the difference in the brain between these two conditions.

Figure 6-5: Difference between brain death and a vegetative state

The brain is very susceptible to oxygen deprivation. If respiration stops and the supply 
of oxygen is cut off, cells will begin to sustain damage in just 3 to 4 minutes. This is why 
it’s so important to begin cardiopulmonary resuscitation as soon as possible if someone 
suffers cardiac arrest and the heart is unable to send oxygen-carrying blood to the brain.

the Spinal cord

The main job of the spinal cord is to relay instructions issued from the brain to peripheral 
nerves and relay information from peripheral nerves to the brain. However, it has other 
important functions as well. 

The spinal cord is an elliptically shaped cord approximately 1 centimeter thick extend-
ing from the bottom of the brain through the spinal column to the lumbar (lower back) 
region. When a baby first develops in the womb, the spinal column and brain start off as a 
single hollow tube. As this tube grows, the cells at the tip (head) increase and become the 
cerebral cortex (Figure 6-6), and the rest become the spinal cord.

Inside the spinal cord, nerve cells and nerve fibers form a bundle. Remember from 
earlier (see page 122), that neurons consist of nerve fibers (dendrites and axons) and cell 
bodies. Like the brain, the spinal cord is divided into white matter, which is mostly nerve 
fibers, and gray matter, which contains mostly cell bodies. But in the spinal cord, the pat-
tern is reversed—the white matter forms the outer layer, and the gray matter is at the 
center of the cord.

Vegetative state

Some 
functions
remain

Brain death

The brain consumes a large amount of oxygen because it constantly burns glu-
cose as an energy source. In fact, glucose is normally the only energy source of 
the brain; although if glucose levels are too low, the brain may use molecules 
called ketone bodies as an alternative energy source. 

Brain Fun Facts
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Figure 6-6: The cerebrum and spinal cord develop in the postnatal period.

In the spinal cord, the pathways for sending information and receiving information are 
separate so that sensory information and instructions from the brain do not interfere with 
each other, as shown in Figure 6-7.

Figure 6-7: How information is routed through the spinal cord

Pathways Through The Body

I’ll explain this using Figure 6-8. Nerve fibers that descend along the spinal cord deliver 
the instructions from the brain to nerve cells in the gray matter in the front of the spinal 
cord (called the ventral root or anterior root). Spinal nerves extending from the anterior 
root deliver the instruction to the peripheral parts of the body. Meanwhile, nerve fibers 
that receive sensory information from the peripheral parts of the body enter the rear of 
the spinal cord (the dorsal root or posterior root of a spinal nerve) and deliver the informa-
tion to the gray matter nerve cells there. Then those nerve fibers deliver the information 
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Sensory information enters the spinal cord from the back (dorsal) side. 
Instructions from the brain are issued out the front (ventral) side.
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How exactly does the spinal cord relay instructions and information between the brain and 
peripheral nerves?
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to the brain. All of these signals are electrically transmitted along these various nerve 
fibers by way of action potential impulses. We can also call this process of propagating 
action potential firing.

Figure 6-8: Nerve cell paths to and from the spinal cord

The nerves in the white matter of the spinal cord are separated according to their 
function. The efferent paths that transmit instructions from the brain and the afferent 
paths that transmit sensations to the brain are precisely divided. Those sets of fibers are 
called conduction pathways.

Most conduction pathways cross over between the left and right sides somewhere 
in the central nervous system. That’s why the left hemisphere of the cerebral cortex is 
responsible for the right side of the body and the right hemisphere is responsible for the 
left side of the body.

Ah yes, in that case the signal takes a shortcut. An impulse indicating “hot!” was sent to 
your spinal cord. Since this is an afferent pathway, the impulse entered from the rear of 
the spinal cord. Normally, the impulse continues along an afferent pathway to another 
nerve cell, which passes the information to the brain. But instead, it took a shortcut 
through the spinal cord (Figure 6-9), and the information was delivered straight to the 
nerve cells of the efferent pathway on the front side. This caused your arm muscles to 
contract, pulling your hand away before you were even aware of what had happened.

Muscle

Brain

Rear side
(back)

Skin

Information to the brain
Spinal cord

Gray matter

White matter

Instructions from the brain

Front side
(abdomen)

So what kind of route does a signal take during a spinal reflex, like the one that caused me 
to pull my hand away the instant I touched the hot teacup?
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Figure 6-9: Spinal reflex shortcuts

Cranial and Spinal Nerves

The brain and spinal cord form the central nervous system, and the nerves that link those 
central nerves with the peripheral parts of the body form the peripheral nervous system. 
Earlier, I told you that the peripheral nerves are classified into motor nerves that transmit 
movement instructions from the brain, sensory nerves that transmit sensory information to 
the brain from the peripheral parts of the body, and autonomic nerves that control inter-
nal organs. However, these nerves can also be divided along anatomical lines into cranial 
nerves stemming from the brain and spinal nerves stemming from the spinal cord (see 
Figure 6-10). The spinal nerves and brain nerves, along with the association nerves (which 
carry impulses between motor and sensory nerves), form the somatic nervous system.

There are 12 pairs of cranial nerves, each of which has a name and number. Most of 
our cranial nerves are either motor nerves that send movement instructions to the face, 
tongue, eyeballs, and so on or sensory nerves that transmit the five sensations from the 
head and skin. The vagus nerve is distinct from either of these, however. It branches down 
from the neck to regulate the internal organs of the chest and abdomen. The vagus nerve 
operates mainly as an autonomic nerve.

There are 31 pairs of spinal nerves, which stem from the spinal cord through open-
ings between vertebrae. This group includes a mix of nerves that carry motor, sensory, 
and autonomic signals. 

Instruction
to contract

Spinal cord
Rear side

(back)
Information about

the hot tea

Shortcut

Front side
(abdomen)

After birth, the spinal cord lengthens as the spinal column (vertebrae) develops. 
However, since bone growth outpaces spinal cord growth, in adults the area 
below the lumbar vertebrae contains only spinal fluid.

Did You Know?
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Figure 6-10: Cranial nerves and spinal nerves

Together, the cranial nerves and spinal nerves account for the movements and sensa-
tions of every inch in the body. Poke around anywhere on your body, from the tip of your 
little toe to the tip of your little finger to the top of your head, and you won’t find a spot 
that has no sensation. That’s pretty amazing, isn’t it? Just think of how easily the handful 
of cords that connect a TV, DVD player, and cable box gets tangled up. Meanwhile, your 
nerves run throughout your entire body without ever getting any wires crossed, exchang-
ing a huge volume of different kinds of information between the central and peripheral 
nervous system.

The Autonomic Nervous System

The word autonomic means involuntary and automatic. Many bodily functions are con-
trolled by the autonomic nervous system without our being conscious of them. The 
autonomic nervous system has two major parts: the sympathetic nervous system (SNS), 
which has to do with excitation and action, and the parasympathetic nervous system 
(PNS), which has to do with calming and relaxation.

Different parts of the autonomic nervous system react depending on the situation. 
Let’s suppose a herd of herbivores are eating plants on a savannah. They are relaxed and 

When spinal nerves stem from the spinal cord, they divide into branches or merge 
with spinal nerves above and below them to create a meshlike structure 
called a nerve plexus.

Did You Know?
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have no nearby predators to fear. In this relaxed state (nicknamed “rest and digest”), the 
parasympathetic nervous system is predominantly at work (see Figure 6-11). The neuro
transmitter acetylcholine is released from parasympathetic nerves.

Figure 6-11: When you are relaxed, the parasympathetic nervous system is primarily in control.

Then some predators appear on the scene. The herbivores suddenly become nervous, 
and either run away or fight to protect themselves. In this agitated state (nicknamed “fight 
or flight”), the sympathetic nervous system is predominantly at work (see Figure 6-12). 
When a sympathetic nerve is excited, norepinephrine and epinephrine (adrenaline) are 
secreted from the adrenal medulla, maintaining the stimulated state of the body.

Figure 6-12: When you are scared or agitated, the sympathetic nervous system kicks in.
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That’s right. The herbivore that believes it is about to be attacked by the predator must 
exert all its energy to run away or defend itself.

When this happens, the heart rate and blood pressure increase. The trachea expands 
so that lots of oxygen can be taken in, glycogen that was stored in the liver is broken down, 
and a large amount of glucose is released into the blood. At such times, you typically don’t 
eat or excrete waste products. The blood flow to your digestive organs decreases, and the 
secretion of digestive fluids and movement of your alimentary canal slow down.

Figure 6-13: If the sympathetic nervous system is active for a long time, fatigue sets in.

It’s essential for both the parasympathetic nervous system and the sympathetic ner-
vous system to operate in a well-balanced manner (Figure 6-14). The autonomic nerves 
are distributed among the internal organs such as the heart and liver, internal secretory 
organs such as the pancreas and adrenal glands, the trachea and bronchial tube, the 
digestive system, the urinary bladder, and the arteries throughout the body. In most cases, 
the sympathetic nerves and parasympathetic nerves are distributed to exert opposite, 
complementary effects on all these systems.

When the sympathetic nervous system becomes predominant, my heart starts thumping 
and my blood pressure rises.

Come on, Ms. Karada. 
Power through. 

Yeow!

Sympathetic

Parasympathetic

EXAM

And while I’m unlikely to be attacked by a predator, I feel “attacked” by my test, right? I feel 
stressed!

Exactly. Although humans are not attacked by predators very often, they still respond simi-
larly to threatening or unwelcome situations. Also, if this stress continues for a long time, a 
person’s body and mind will become fatigued, as shown in Figure 6-13.
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Figure 6-14: Balance between the parasympathetic and sympathetic nerves

The Enteric Nervous System

The third part of the autonomic nervous system, called the enteric nervous system, 
helps coordinate the actions of the gastrointestinal system. It is often called the 
“second brain” because it contains about 100 million neurons, more than the spinal 
cord or peripheral nervous system. 

The enteric nervous system uses more than 30 neurotransmitters, and more 
than 90 percent of the body’s serotonin is found in the gut.

Sigh...

Thump
thump

Balance...?

Sympathetic Parasympathetic

Is something wrong?

No . . . not at all!
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Wow! There are 
so many stalls 

and food stands.

How exciting!

It’s perfect 
for taking a 
break from 

studying.

Oh, you 
think so?

Thank you...

That yukata 
suits you...

The Sensory 
Nervous System

Pain, Other Sensations, 
and Our Special Senses

blus
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Yeah, I love 
the pattern!

That’s right.

There.

What is this?

What  
the...?

Don’t worry, 
don’t worry...

close your 
eyes for a 

second!

Just a  
second...

This design looks 
a little like a 

neuron...

Neurons?!

Huh?

Plop



Today we’re 
going to 
study the 
sensory 
organs.

So the 
question 

is...

What sensations 
are they?

Sensations?

Um, it’s a little 
cold and...?

Didn’t you just 
say we were 

taking a break 
from studying!!

What a 
scary face...

what else 
do you 
feel?

Ok, rough... 
What else?

It has some 
pointy 

parts too.

Great, OK. 

What in  
the world?!

You can open 
your eyes now.

...the surface is 
a little rough.

The skin of 
your hand is 

perceiving various 
sensations now.

Wah!

umm...

You’re trying 
to teach me, 
aren’t you?!

HEY
!
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Hi there!

Hello!

Cold

Warm

grainy

Soft

Bumpy

Pointy
Rough

Superficial Sensations

Oh cute! ♡

See how much 
information you 
learned just by 

holding that little 
guy? All that 

information was 
perceived by the 

superficial sensory 
receptors  
of the skin.

What other kinds 
of superficial 
sensations can  
you think of?

Hm, things I can 
feel with my 

skin, huh?

Ah, warm and 
soft and...

There are 
quite a lot of 
them, aren’t 

there?

grainy 
and...

bumpy 
and...

Always 
thinking 
about 
food...

Sensations that 
are perceived 
by the skin are 

called superficial 
sensations.

I won it at the 
Kame-sukui* 

booth.

* Turtle scooping and goldfish 
scooping (Kingyo-sukui) are 
common games at Japanese 
summer festivals. 



superficial 
sensations include 
pressure, warmth, 

cold, and pain.

So how do I know 
if I’m touching 

something rough 
or smooth?

But 
Professor...

It’s great that 
you noticed 

this.

What about when you 
sense the weight 

of something. That 
seems very different 
from feeling pain or 

temperature.

There are four kinds 
of receptors for 

touch, and each one 
tells your brain 

something different. 

Your brain puts all this 
information together 
to understand exactly 

what the surface 
feels like.

Receptors located 
at the ends of 

sensory nerves in the 
skin perceive these 
sensations and send 
information about 
them to the brain.

Pain

Pressure

Warmth

Cold

Types of Sensations



When something 
feels heavy or light, 

that’s a different 
kind of sensation.

Close your 
eyes for a 

moment.

Well...

Ah!

That’s  
right!

I guess that’s 
its own kind 

of sensation—
how I perceive 

the position 
of my own 

body?

What’s 
happening 

now?

It seems like 
you’re trying to 
take my candy 

apple…

I’m not 
taking it.

But you can 
tell that I 

raised your 
hand, right?

But what’s going 
on when you 
perceive the 

position of your 
own arm?

Well, of 
course I 
can. That’s 

because it’s my 
own hand.

So I’m 
going to be 
your guinea 
pig again?



Position or 
Movement

Vibration

Deep Sensation

Superficial sensation

Deep sensation

Superficial sensation

Deep sensation

Somatic 
sensation

I see.

Proprioception 
(Position Sense)

Kinesthesia (Sense 
of Body Movement)

Pat  

	
pat

I understand 
perfectly what’s 
happening with my 

own hands and 
feet in this pose 

without looking at 
where they are.

And if I move 
this way, I 

perceive the kind 
of movement my 

body made.

This is called 
proprioception 
(position sense).

These sensations rely 
on receptors in your 
muscles and joints, as 
opposed to receptors 

in your skin.

So far we’ve been 
talking about two 
types of sensation.

Superficial sensations, 
which we mentioned 
earlier, and deep 

sensations together 
are known as somatic 

sensations.

Another kind of deep 
sensation is vibration. Your 
muscles use this sensation 
to push back against bumps 

and keep you upright!

As a result, these 
sensations are 

often called deep 
sensations.

That’s 
right!

Good.  
I think you 
get it now.

That’s a part of 
proprioception 

called kinesthesia.

 pat 

pat
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Wow

nom  

	
nom 

AAIIIEEEEE!

Somatic 
sensation

Visceral sensation

Superficial sensation

Ow ow 

Deep sensation

Have some 
ice cream as 

a reward! 

Thank you 
so much!

yeesh... 
That looks 

painful!

Do you know 
where you are 

feeling that pain?

it’s not on 
my skin, so 
it’s not a 

superficial 
sensation...

That’s right.

Pains inside the 
body, like headaches 
and stomachaches, 

are called visceral 
sensations.

Here I go!

Wolf Wolf

Ow  ow 



Visceral Sensations

Urge to urinate or have a 
bowel movement

ow
iee

e

Referred Pain

Ah...it 
finally 
went 
away.

Head hurts

Mouth is cold

Shortness of breath 

Hunger Fullness

Crossed 
wires?

Well, it’s not 
a mouth-ache, 

right?

This condition 
is called 

referred pain.*

* Referred pain that is perceived at a location 
other than where the pain occurred is specifically 
called radiating pain.

No way!  
You gave us 
brain freeze 
just to teach 

us this...

He he he. You’re the 
ones who gobbled 

that ice cream in 
such a hurry!

Hunger, fullness, 
shortness of breath, 
the urge to urinate or 

have a bowel movement—
these are all visceral 

sensations.

the headache you get 
when you eat a snow 
cone or ice cream is 
caused by "crossed 

wires."

You get a headache, instead. That's 
because The nerves that sense visceral 
sensations like pain are less organized, 

so your brain doesn’t know exactly 
where the signals come from. So when 
your mouth gets extremely cold, that 
sensation is misinterpreted as pain in 
your temples. It’s sort of like two 
telephone wires getting crossed. 

 Your nervous system 
handles many tasks 

that you aren’t directly 
conscious of. But if 

something needs your 
attention, it can trigger 

a visceral sensation 
so you feel an urge 

to respond.

For example, if your 
nervous system detects 

a low concentration 
of oxygen, you'll feel 

the need to breathe 
deeply and take in more 

oxygen.



O 
w 
!

yowch!

Professor, I 
think you took 

a little too 
much pleasure 
in watching our 
brains freeze.

I can’t 
help it...

Well, at least 
it should 

be easy to 
remember.

What’s the matter? 
Still have a 
headache?

Oh, your geta 
strap looks 
like it’s been 

rubbing.

Is it painful?

It’s nothing, 
really.

Don’t be 
silly.  

Let me. Excuse me.

If it gets 
worse, it’ll 
also affect 
your race 

performance.

it was the 
perfect 

teachable 
moment.

Thresholds and Sensory Adaption
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There

Ha ha nooo...

More 
Sensitive

Less 
Sensitive

Lips

NeckTip of the 
tongue

Fingertips
Elbow

Back

Tips of the toes
Thigh

Sensitivity Differences for 
Superficial Sensations

 Oh...

Were you 
drinking 
sake?

Fair 
enough.

That's also 
why babies use 
their mouths 
to feel new 

toys.

Sensory receptors 
are more sparse in 
the back and thighs, 
so these areas are 

less sensitive.

Some are more 
dense in certain 
areas, like the 

fingertips, lips, and 
tip of the tongue. 
These areas are 

more sensitive as 
a result.

Let’s talk about 
how sensitivity, 
especially to 
touch, varies 

throughout the 
body.

It all depends 
on how many 

sensory receptors 
you have in a 

particular area.

Yeah, the sensitivity 
of my fingertips is 
certainly different 
than on my back. I 
guess that’s why I 

use my fingertips to 
feel new things.

Your face is 
all red.

Um, uh…Let’s 
just get back 
to the lesson, 

Professor.

thank you.

No problem.



Threshold 
value 

Pain Receptor Pressure Receptor Warm ReceptorCold Receptor

Distribution of 
pain receptors

Distribution of 
warmth receptors

Strong 

Doesn't hurt

Doesn't hurt  
Strength of 
Stimulus

OUCH

I see.

Certain areas are more 
sensitive than others, and 
certain sensations have 
a higher priority, too—

especially pain. You have more 
receptors for touch and 

pain than you do for gentle 
temperatures like warm 

and cool.

There are many ways pain 
is prioritized over other 

sensations. For example, an 
injury can cause the release 

of chemicals to make the 
surrounding area more 
sensitive to pain. this is  
called hyperalgesia.

In other words, 
hyperalgesia lowers the 

pain threshold. the minimum 
level of stimulus that 
causes a sensation like  

pain or cold to be  
perceived is called the 

threshold value.

A low threshold 
value means that the 
sensation is felt even 
if the stimulus is weak.

And a high threshold 
value means that the 

sensation cannot 
be felt unless the 
stimulus is strong.

Imagine we apply a 
stimulus, like poking 
you, very gently at 
first. Then we poke 
a little bit harder 

each time.

At first, the stimulus 
is so small that it 

doesn't register as 
a sensation. 

When you first  
sense the poke, that is 

the threshold value for 
your touch receptors. 

When it starts to hurt IS 
THE THRESHOLD value FOR 

PAIN RECEPTORS.

Low
Felt even with a 
weak stimulus 

(sensitive)

High
Felt only with a 
strong stimulus 

(insensitive)

Th
re

sh
ol

d 
Va

lu
e

Phew 

phew

Weak

Doesn't hurt



Doesn’t hurt 
anymore

Sensory 
Adaptation

Still 
doesn’t hurt

Threshold 
value

Boom

Boom

Pop 	
pop

Turn

Your sensitivity to a 
stimulus can change 

over time, too.

For example, if there is a 
stimulus above the threshold 
that remains constant—like if 
I poke you and keep my finger 
there—after a while you may 

no longer sense it.

Ms. 
Karada?

This is an example 
of sensory 
adaptation.

Huh?  
Where’d 

those two 
guys go?

they must have 
gotten lost...

Oooo, what a 
spectacular 

show...

Ms. Karada, it’s 
your first time 
at the festival, 

isn’t it?

Yes, it’s 
beautiful.

I hope it was 
a nice study 

break...even if 
we studied a 

little...

Well, I still 
had a great 
time tonight.

Hey, 
Professor! 
Come over, 

quick!
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Even More About the Sensory 
Nervous System!

So far we’ve discussed superficial, deep, and visceral sensations. But there is a fourth 
major category of sensations: special senses, which include the senses of sight, hearing, 
balance, smell, and taste. All of them have specialized organs associated with them, such 
as the eyes, ears, and nose. Let’s go through each of these special senses.

Sight and the Eye

Let’s start with sight. The basic structure of the eye is a lot like that of a film camera (see 
Figure 7-1). The crystalline lens of the eye is like a camera lens, the iris the aperture, and 
the retina the film. 

Figure 7-1: The eye is like a camera.

Figure 7-2 shows the structure of the eye in more detail. Light that enters the eye is 
refracted (or bent) by the cornea and lens, and is projected onto the retina as an image, 
which is both upside-down and backward. Two types of cells, called cones and rods, are 
tightly arranged in the retina. These cells can perceive when light hits them and send sig-
nals to the cerebral cortex through the optic nerve. Your brain then interprets the signals 
as light and puts together the image, reversing it to the correct orientation.

Have you ever had to wear an eye patch? You might have noticed that you lost your depth 
perception, or sense of distance. When you focus on an object with both eyes, the images 
perceived by each eye are slightly offset from each other horizontally. How much these 

Aperture
=

Iris

Lens
=

Crystalline lens

Film
=

Retina

Is there a particular reason why humans, along with so many other animals, have 
two eyes?
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images are offset depends on how close or far away the object is. Your brain also analyzes 
a few other clues (like size, texture, and so on) to determine depth information so that you 
can see objects three-dimensionally. 

Figure 7-2: Structure of the eye

Light information is delivered to the visual cortex (which is part of the cerebral 
cortex), where the two images from each eye are integrated so that the object is “seen.” 
But the light gets from the retina to the visual cortex by slightly different routes, depend-
ing on which eye and which part of the eye, received the information. The image projected 
onto the outer half of the retina (closer to your ears) is sent to the visual cortex on the 
same side of the brain as the eye that perceived it. Meanwhile, the image projected onto 
the inner half of the retina (closer to your nose) is sent across to the visual cortex on the 
opposite side of the brain. The part of the brain where these routes cross over is called the 
optic chiasm (Figure 7-3).

This means that if you hold up both hands in front of you, the image of your right 
hand is sent to your brain’s left hemisphere (which controls that hand!), and the image of 
your left hand is sent to the right hemisphere (which controls that one!). In other words, 
when you catch a ball coming from your left with your left hand, it’s your right brain that 
both sees the ball and directs your left hand to catch it. This way, you put both sides of 
your visual field together as one picture, while the parts of your brain that need to see 
and respond to objects in front of you are close together. 

Optic disc

Ciliary body Retina
Extraocular muscle

Iris
Fovea centralis

Cornea Vitreous
body

Macula Optic nerve

Lens

When you look at something, you don’t just turn your face; your eyeballs move, too. 
The rotation of your eyeballs is controlled by a total of six muscles, called the extra-
ocular muscles.

The pupil is the hole in the iris that lets in light. It contracts when there is lots of 
light, and it becomes larger in the dark. The pupils are controlled by autonomic 
nerves, and in the absence of disease they are the same size in both eyes. 

Did You Know?
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Figure 7-3: How information traverses the optic chiasm and how visual information travels

Myopia and Other Common Conditions

Yes, that can be one cause of myopia. Myopia (nearsightedness) is when you cannot focus 
on distant objects—its literal meaning is “trying to see like a mole.” Hyperopia (farsighted-
ness) is when a clear image cannot be projected on the retina, so that you cannot focus on 
objects closeby. 

Both of these conditions often arise because the size of the eyeball has changed. If 
the eyeball gets longer, the distance from the lens to the retina increases, and it becomes 
more difficult to see distant objects (causing myopia). On the other hand, if the eyeball is 
too short, the distance between the retina and the lens decreases, and nearby objects are 
difficult to see (causing hyperopia). 

While we’re talking of common eye troubles, astigmatism is a condition in which the 
refractive index of the cornea differs in the vertical and horizontal directions; thus, the lens 
bends light as an oval, rather than as an even circle, distorting the image. 

But the eye doesn't always work perfectly. Myopia occurs when the lens can’t adjust its 
thickness to focus properly, right?

To right cerebral hemisphere

The image 
is integrated by your 

visual cortex so that the 
whole object is seen, 
even though each 

side of your brain is 
taking care of half of it.

Left eyeball Right eyeball

Optic chiasm

To left cerebral hemisphere

Brain
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Finally, presbyopia (so-called age-related farsightedness) is a condition in which the 
thickness of the crystalline lens can’t adjust by stretching and relaxing any more. This is 
often because of aging, but this can also happen due to other factors.

Colors and Light in the Eye

That’s the role of rods and cones in the retina. Cone cells distinguish colors. There are three 
types of cone cells, and each one corresponds to one of the primary colors of light: red, 
green, or blue. Rod cells, on the other hand, only distinguish light from darkness, regardless 
of the color of the light. The rods are more sensitive, however, and signal one another if very 
little light is entering the eye. As a result, in darker situations, the cones cannot detect any 
light, and we see mostly using the rods, giving the sensation that things are less colorful or 
more “black-and-white.” The rods and cones are arranged throughout the retina, but they 
are particularly dense in and around the macula, the central portion of the retina where 
the lens projects the middle of an image. The center of the macula, the fovea centralis, is 
where the center of the field of vision is focused.

Hearing and the Ear

Your ears are responsible not only for your sense of hearing but also for your sense of bal-
ance. Let’s take a look at the ear’s structure (Figure 7-4).

The ear is divided into the outer ear, middle ear, and inner ear. The outer ear consists 
of the auricle (the main bulk of cartilage attached to the side of your head) and the ear 
canal. The eardrum (tympanic membrane) and the auditory ossicles behind it make up the 
middle ear. The auditory ossicles are a small set of bones called the malleus, incus, and 
stapes (Latin for hammer, anvil, and stirrup, respectively). The inner ear is embedded deep 
inside the skull, and it includes the semicircular canals and vestibule, which make up the 
vestibular system, and the snail-shaped cochlea. Although all of these parts help perceive 
sound, only your inner ear (specifically the vestibular system) is involved in your body’s 
perception of balance.

How do we distinguish colors?

Visual Acuity

Visual acuity describes the sharpness and accuracy of a person’s vision. It measures 
the ability to recognize light and darkness, color, distance, and moving objects.

Visual acuity is often tested using an eye chart of letters and symbols arranged 
from largest to smallest, which tests whether an eye can distinguish details at a 
certain distance. Other tests can distinguish the ability to recognize color, distance, 
and moving objects, as well as the presence of any problematic “blind spots” in the 
visual field, or regions in which a person’s eyes or brain cannot detect light.
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Figure 7-4: Structure of the ear 

Sound is just vibrations of the air. The ear is an apparatus that amplifies those vibra-
tions and then converts them into nerve impulses. The shape of the auricle helps reflect 
sound into the ear, where the tubular ear canal helps direct those vibrations toward the 
eardrum, which vibrates in response. The three tiny auditory ossicles inside the middle 
ear make those vibrations into larger movements and transmit them to the inner ear. 
The cochlea in the inner ear is filled with lymph fluid, and when that fluid vibrates, recep-
tor cells inside the cochlea are able to distinguish frequencies and convert them to nerve 
impulses.

There are several kinds of hearing loss depending on where the problem occurs in the ear.
Since the outer ear and middle ear conduct sound, they are sometimes referred to 

as the sound conduction system. A problem in these parts of the ear is called conductive 
hearing loss. Specific examples include blockage of the outer ear, perforation of the ear-
drum, or loss of mobility in the auditory ossicles.

Conductive hearing loss can be alleviated by products that aid bone conduction. Bone 
conduction is the delivery of vibrations to the inner ear through the skull (rather than 

Auditory ossicles

The auditory ossicles (malleus, incus, and 
stapes) are the smallest bones in the 
human body, and they are unusual in 

that they play no structural role.

Outer ear
Middle

ear Inner ear To the
cerebrum

Auricle
Semicircular canals

Vestibule

Cochlea (has a 
spiral shape like a snail)

Eardrum

Ear canal

What causes hearing loss?
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through the outer and middle ear), as shown in Figure 7-5. Therefore, as long as the inner 
ear is still intact, sound can still be perceived. Earphones that use this technique have 
recently appeared on the market.

Since the inner ear “perceives sound,” it is sometimes referred to as the sound per-
ception system. The inability to recognize sound due to a problem in the nerves in the 
inner ear or cerebrum is called sensorineural hearing loss.

Figure 7-5: Bone conduction

Balance and the Inner Ear

The inner ear perceives two types of motion: rotational motion and inclination of the head. 
Rotational motion is perceived by the semicircular canal system, while the inclination of the 
head is perceived by the vestibule, which is the part below the semicircular canals.

Cochlea

Vibration
Bone

To the brain

Tell me more about the vestibular system. How does it perceive balance?

Ears Help Equalize Pressure!

For the eardrum to move freely, the pressure on the outer ear (atmospheric pres-
sure) and the pressure on the middle ear needs to be similar. The Eustachian tube, 
which connects the middle ear to the back of your nasal cavity, lets fluid drain or air 
move back and forth to equalize the pressures. But if the air pressure around you 
changes rapidly, as during an airplane ride or while scuba diving, the difference in 
pressures may cause a ringing sound. Some people find that making an effort to 
blow their nose while holding their nostrils shut can push air into the Eustachian 
tube, popping it open and equalizing the pressures to stop the ringing. 
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The semicircular canals are three loops arranged at perpendicular angles to each 
other. When your head turns in any direction, lymph fluid inside the semicircular canals 
pushes and bends specialized nerve cells at the base of each loop. These nerves, in turn, 
send signals to the brain that cause a feeling of motion in that particular direction. This is 
shown in Figure 7-6.

Figure 7-6: As the lymph fluid flows, specialized nerve cells detect the rotation.

Meanwhile, the vestibule contains an apparatus for detecting which way is up (see 
Figure 7-7). In the vestibule, tiny particles ride on a similar fluid so that when you tilt your 
head by bending your neck, the fluid is moved by gravity, and nerve cells perceive the 
direction that gravity is pulling “down.” With this information, your brain can tell which way 
is “up” and, by comparison, the tilt of your head. 

Figure 7-7: Particles ride on the fluid and detect how the direction of the force of gravity  

changes as your head tilts.

Smell and the Nose

Smell is perceived by the olfactory epithelium, an area about the size of a fingertip located 
at the top of the nasal cavity (see Figure 7-8). This area is packed with chemical receptors. 

Rotation
Lymph fluid revolves.

Receptors sense the change.

Receptors sense 
the change.

Tilt your head.
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Figure 7-8: The mechanism for the sense of smell

When an odorant (any chemical compound that these receptors can detect) enters the 
nasal cavity and comes in contact with the olfactory epithelium, these cells send sensory 
information to the brain.

This sensory information passes through the roof of the nasal cavity and enters the 
limbic system (see “Parts of the Brain” on page 130), where it is processed by the olfac-
tory bulbs in the brain. The limbic system also contains structures that are responsible for 
basic drives and emotions such as appetite and sexual desire, motivation, and pleasure or 
displeasure. Because the sense of smell is processed so close to this emotional center of 
the brain, certain smells often have strong ties with specific emotions.

Smells can also be closely linked to memories. Has the scent of a certain familiar fra-
grance ever instantly brought to mind a scene from your past in vivid detail? Once again, 
this is related to the physical proximity of the olfactory bulbs and other structures in the 
limbic system that deal with memory (see Figure 7-9).

Figure 7-9: Aromas can evoke strong memories.

Information perceived by 
the olfactory epithelium 
immediately enters the 

limbic system.

Limbic system

Olfactory
epithelium

Aromatic
particles

Delicious!

Ah...

Nori seaweed
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When your nose is clogged because of a cold or hay fever, you can’t taste your food 
as well. That’s because a major part of the sensation we think of as “taste” is really smell. 
Although our sense of taste is obviously perceived by the tongue, we cannot recognize the 
full “tastiness” of food without our sense of smell, as shown in Figure 7-10.

Figure 7-10: Your sense of taste is dulled when you can’t smell.

Although our sense of smell is no match for that of a dog, it’s still quite impressive. 
Humans have the ability to distinguish more than 10,000 distinct odors.

Sensory adaptation readily occurs for our sense of smell. That is, if you are sur-
rounded by an odor, you may quickly grow accustomed to it and become temporarily 
unable to perceive it. However, even after adapting to a smell, you might still be quite 
sensitive to changes in the intensity of the odor and remain perceptive of other odors.

Taste and the Tongue

Humans can perceive five tastes: saltiness, sweetness, bitterness, sourness, and umami (a 
“savory” taste, such as of the amino acids glutamate and aspartate). It used to be thought 
that each taste was only perceived by a certain area of the tongue (for example, salti-
ness was perceived only by the tip of the tongue and bitterness by the back part), but this 
theory has since been repudiated. Your sense of taste is important because it gives you a 
chance to perceive both the nutrients and toxins or poisons in food.

The sense of taste is mainly perceived by taste buds on the surface of the tongue. 
Each taste bud is like a little pocket that contains cells that perceive flavors. When flavor 
components such as salt or sugar mix with saliva and spread throughout the mouth, they 
are perceived by taste buds, which send this sensory information to the brain.

Since a taste bud is a tiny apparatus (see Figure 7-11), large molecules of food, like 
carbohydrates in rice or bread, need to be broken down into smaller molecules in order to 
be tasted. Chewing and enzymes like amylase in your saliva help break down food for your 
taste buds.

I can’t taste 
this very we�...
I can’t taste 

this very we�...

Hahaha
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Figure 7-11: Structure of a taste bud

Taste buds are particularly numerous in the little bumps called papillae on the surface of 
the tongue. However, taste buds are also found in the mucus membrane of the mouth and 
throat.

Each taste bud has a
small opening through
which food particles

can reach the
taste receptors.

Taste bud

Taste particles enter here

Where are taste buds located on the tongue?

There are four kinds of papillae on the tongue. Filiform papillae are the most 
numerous kind, and they are largely responsible for the roughness of the tongue’s 
surface. However, unlike the other kinds of papillae, they do not contain any taste 
buds. They are just there to grip and break up food! 

The temperature of food affects how the taste buds perceive flavors. The 
warmer a food is when served, the more sensitive you might be to its sweetness 
or bitterness. This is why melted ice cream can taste too sweet and warm 
beer might taste extra bitter.

Mouth Fun Facts
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Funny meeting 
you again!

Hunting more 
bugs, eh?

Chirp! 

chirp!

The MusculoSkeletal 
System

Muscles, Bones, and Joints



You bet!

You must be 
Training hard. 

I want to 
increase my 

muscle elasticity 
so I don’t injure 

myself!

You’re 
doing some 
stretches, 

I see.

Yeah...

Good for 
you!

Well, um... 
pretty much.

Just in case, 
can you go 

over it?

I'm a little 
rusty.

I bet you know 
all about muscle 
fibers and how 
they use energy, 

right?

Of course!
Do you know 

what’s happening 
when muscles 

contract?

Huh?

Well,  
when you flex 

really hard, the 
muscle gets 
rock solid.

Muscle Fibers
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Skeletal 
Muscle

Muscle fiber

Nucleus

Striation Contraction

Energy is 
applied.

The fiber  
shortens.

No, no, a more 
scientific 

explanation 
please!

Here’s a close-
up of a group 
of skeletal 

muscle fibers.*

That explains why 
muscles bulge 

when you flex them, 
right? It’s sort 
of like when you 
shuffle cards.

That’s right!

When the muscle 
contracts, both 
sides slide to 

the middle.

Look! You 
can see a 

horizontal 
striped pattern.

If we zoom in further 
on the horizontal 

striation, we can see a 
configuration of comb-
shaped pieces on either 

side, with alternating 
slits in the middle.

This pattern 
is called 
striation.

Let’s zoom in 
on the kind of 
muscle fibers 
you’d find in 
your arm.

Skeletal 
Muscles

These muscles are attached to bones. They 
are also called voluntary muscles since they 
can be consciously moved.

Smooth 
Muscles

These muscles are found in blood vessels 
and various internal organs. They are called 
involuntary muscles since they cannot be 
consciously controlled. Unlike skeletal and 
cardiac muscle, they have no striations.

Cardiac 
Muscles

These are the muscles in the heart. They 
repeatedly contract and expand rhythmically 
without any conscious control.

* There are three kinds of muscle, shown in the 
table below.
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Muscle

Muscle contraction

Muscle

Muscle

Energy

Muscle

And ATP is 
regenerated!

Muscle

Creatine 
phosphate

When one phosphate is 
torn off from an ATP 

molecule . . .

Energy is produced to 
contract the muscle. ATP 
becomes ADP (adenosine 

diphosphate).

Muscles Are Powered by ATP

So where do you 
suppose the energy 

comes from to 
contract the 

muscles?
Energy is 
produced 

by breaking 
down ATP.

I know!

ATP stands for 
adenosine triphosphate, 
a molecule that contains 
three phosphate groups. 

When a phosphate is 
broken off, it releases 
energy that can power 

muscle contraction.

Wonderful! And 
remember, ATP is 
produced by the 
citric acid cycle.*

Muscles can 
also use 

creatine to 
regenerate ATP 
in short bursts.

And attached to the 
ADP molecule . . .

A phosphate is taken from 
a creatine phosphate 
that is stored inside 

the muscle . . .

* see “ATP and the Citric Acid Cycle” on page 74.



Huff Puff

My muscles 
feel perfectly 
stretched and 

relaxed. I’m ready 
for a run!

Go for it!  
we can 

continue our 
conversation 
on the move.

Sure!

Ah, I know...

Ready when 
you are!

All right, so do 
you know about 
red and white 

fibers in skeletal 
muscles?

The ones with 
stamina are red, 

and the ones with 
explosive power 

are white.

These guys 
could use a 

workout 
 anyway.
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Red Muscle

Hey,  
slow down!

* Myoglobin is a chromoprotein that binds to oxygen and iron. 
These give it a red pigment, much like hemoglobin in the blood.

White Muscle

•	 Migratory fish such as tuna 
have more red muscle for 
sustained swimming.

•	 Fish with white muscle, such 
as sea bream, mostly swim in 
quick bursts.

That’s right! 
I always think of 
fish to help me 

remember.

The proportion 
differs from person 

to person.

Your friends 
back there 

don’t have much 
stamina.

Their muscles 
must be mostly 
white, don’t you 

think? 

ha! In humans, 
skeletal muscles have a 
mix of red muscle fibers 
with lots of myoglobin 
and white muscle fibers 
with little myoglobin.

Red muscle fibers 
(also called slow-

twitch fibers) contain 
lots of myoglobin,* 
which receives and 
stores oxygen. Red 
muscle can use that 
oxygen to generate 

sustained energy.

White muscle fibers 
(called fast-twitch 
fibers) have much 

less myoglobin, but 
they can contract 
in short, powerful 

bursts using 
anaerobic energy 
(energy produced 
without oxygen).

•	 Red muscle has lots of  
myoglobin. 

•	 White muscle has little  
myoglobin.



W
o
bb

le
...

whoa!

Stagger

Tweak!

Ouch 
ouch!

Ms. Karada,  
Don’t you think 

you’re overdoing 
it a little?

I need to go a 
bit farther...

to finish my 
interval.

Hey, That looked 
like a bad step—

Let's take a break.

Her form is 
starting to 

break down...

Is it your 
right knee 
that hurts?

You should 
ice your knee 

and rest.
He’s so caring...

It looks like you 
sprained it.

I pushed 
too hard.

I must have 
gotten carried 

away.

Joints
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Ligament Articular 
cartilage

Bone

Joint 
capsule

Spine

Intervertebral 
disk

A joint is where  
two or more bones 

come into contact. The 
bones are connected 
by ligaments and have 
cartilage in between 
to reduce chafing.

The entire joint  
is enveloped  
in a capsule,  

which contains 
synovial fluid as  

a lubricant.

It always 
comes back to a 
lecture with you, 

doesn’t it?

Some joints have 
extra cushioning, 
too. For example, 
the intervertebral 

disks act as cushions 
between joints in 

the spine.

I think 
my knee’s 
feeling 

better now.

If you don’t 
take care of it 
properly, it will 

be very sore 
later.

The spine is 
really amazing! It’s 
remarkably flexible 
and strong, and it 

protects the spinal 
cord all at the 

same time. 
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Ball-and-Socket Joint

Round  

and round

Hinge Joint

Okay, I’ll rest it. 
Different kinds 

of joints move in 
different ways,  

right?

That’s right. A joint's 
range of motion 

depends on the shape 
of the bones.

The knee is more like 
a door hinge: it can 
flex and extend but 

not rotate.

Same with Our 
finger joints.

This kind of joint is 
called a hinge joint.

Your shoulder has 
a round ball joined to a 
round socket, so it can 
rotate round and round.

This type of joint 
is called a ball-

and-socket joint.

These are  
two simple kinds 

of joints, but 
there are other 

kinds, too.

That’s easy 
enough.

Finally,  
some terms 
that are nice 
and intuitive.

My shoulder can 
rotate round and round, 

but my knee can only 
bend and stretch.

So much for  
taking a rest…

Bend and 
stretch
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Oh 

my!

Joint

Antagonistic 
Muscles

Whoa...

Extensor 
muscle

Flexor muscle

Extensor 
muscle

Be
nd

Flexor 
muscle

Str
aig

hte
n

The muscles that 
flex a hinge 

joint are always 
found on the 

opposite side of 
the muscles that 
extend the joint.

For example, the muscle 
that bends the elbow is 

attached to the front of 
the arm, and the one that 
straightens the elbow is 

attached to the back.

These are called 
the flexor and 

extensor muscles, 
respectively. Muscles  

that work in  
opposite directions 
like this are called 

mutually antagonistic 
muscles. Your knee 

has them, too.

Flexor 
muscles bend 

my right 
leg in...

and extensor 
muscles 
stretch  
it out...

I feel like I’m 
doing the hokey 

pokey!



Ouch!

Pressure

Gotta go! Bye…

Ow

Hey,  
You really ought 

to ice that. and you should 
take a break 
from training 
tomorrow!

Yeah, yeah, 
I know.

That reminds me...
tomorrow is 

your first actual 
lecture, isn’t it!

I’m really 
looking 

forward to it!

Hmm.  
I wonder if 
he’s OKay.

I hope I can 
still run that 
marathon...
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Even More About Muscles and Bones!

Let’s talk a bit about how the body generates heat. Your body is constantly extracting energy 
from oxygen and food and burning that energy, releasing heat. Your body produces and 
radiates heat even when you’re sleeping or sitting at your desk studying for a test. The 
more energy you use, the more heat is generated, so your body gets much warmer when 
you start exercising, as shown in Figure 8-1.

Figure 8-1: Your body generates heat even when you're sleeping, and the more active you are, the more heat it generates.

Regulating Body Temperature

You’ve probably noticed that when you exercise, your body heats up. That’s because heat is 
produced when skeletal muscles contract. When it’s cold, your muscles contract rapidly and 
you shiver (see Figure 8-2). This produces heat that the blood carries throughout the body 
to maintain the body’s temperature.

Skeletal muscles are the main producers of heat in the body, but they aren’t the only 
ones. The digestive system, heart, brain, and liver all produce heat as well—in fact, any active 
cell produces heat to some extent. The body gets warmer after a meal, not only if the food 
is warm, but also because of the increased activity of the digestive system.

Humans are homeotherms, which means our body temperature has to stay within 
a certain range. If our body temperature is too high or too low, our bodies can’t function 
properly.

Sleeping Sitting Exercising

A special kind of fat tissue called brown fat consists of cells with extra mitochondria, 
plus a particular type of protein that affects the production of ATP. The result is that 
as brown fat consumes calories, it produces heat instead of ATP. This type of 
tissue is particularly common in newborns and hibernating animals.

Did You Know?
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Figure 8-2: We shiver when we’re cold. These rapid muscle contractions produce heat! 

That’s right. Your body temperature must be maintained at approximately 96.8 – 100.4 
degrees Fahrenheit (36 –38 degrees Celsius). The body cools as heat is dispersed. Heat 
can leave the body by escaping through the skin, by respiration, and by perspiration (see 
Figure 8-3). When you exercise vigorously and start heating up, your body starts per-
spiring more to cool down.

Figure 8-3: Methods of dissipating body heat

Shiver
shiver

Cha�er
cha�er

Our bodies have to keep from overheating too, right? Isn’t that what perspiration is for, to 
help disperse heat?

When perspiration evaporates 
from your skin, it takes some 
heat away with it. 

Ha a

Ha  a

The blood vessels under the 
skin expand to allow more heat 
from the blood to dissipate into 
the air.

You can disperse heat through 
respiration.
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When it’s hot outside, your skin flushes because the blood vessels under your skin 
expand. This allows more blood to flow out to the surface of the skin so that the heat in 
your blood can radiate from your skin to the air around you. Perspiration also cools your 
body through a process called evaporative cooling. In fact, when the air temperature is 
higher than your body temperature, sweating is the only way to eliminate that body heat. 
Also, sweat glands, like muscles, can get larger and more productive if you use them more 
often, so exercising regularly will help your body adapt better to the summer heat! It’s 
important to stay hydrated when it’s hot out, because your body loses a lot of liquid as it 
sweats.

If the body temperature exceeds 107.6 degrees Fahrenheit, the proteins in the body begin 
to degenerate, and the body can no longer function. (In fact, old mercury thermometers 
often only go up to this temperature!)

The body’s temperature is regulated by the thermoregulatory center of the hypothala-
mus. The hypothalamus uses several mechanisms to maintain body temperature. When 
you’re too cold, the posterior portion of the hypothalamus coordinates responses such as 
shivering, controlling blood flow to the skin, and secreting hormones like norepinephrine 
and epinephrine. When you’re too hot, the anterior hypothalamus coordinates the opposite 
responses. 

Bones and Bone Metabolism

The main role of the approximately 206 bones in the human body is structural support. If 
there were no bones, the body would collapse, and it wouldn’t be able to move. But this is 
not the only role that bones play. They also store calcium, and they contain bone marrow, 
which creates new blood cells.

Do you know why the body can’t function at a temperature higher than 107.6 degrees 
Fahrenheit (42 degrees Celsius)?

Hmm . . . why is that?

The carotid artery, axillary artery, and femoral artery are three thick arteries that 
run near the surface of the body in the neck, armpit, and groin, respectively. Cool-
ing or warming these areas can have a strong impact on body temperature 
by changing the temperature of the blood as it flows through the arteries. 

Did You Know?
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Bones are designed to be both strong and lightweight. Many bones use an internal 
meshwork structure called trabecular bone, which looks like a sponge. Trabecular bone 
(also called cancellous bone) is often found at the ends of long bones and in bones with 
complicated shapes like the shoulder blade (scapula), vertebrae, and pelvis. The strong 
exterior of bones is made of cortical bone, which is much more compact. In the case of a 
long bone like the femur, the shaft of the bone is cortical bone with a hollow center (called 
a medullary cavity). Cortical and trabecular bone work together to give bones their incred-
ible strength. The types of bone are illustrated in Figure 8-4.

Figure 8-4: Basic structure of bone

Trabecular bone

Medullary cavity

Cortical bone

Bone Marrow

Bone marrow is found inside our bones. If you gathered all the bone marrow in a 
single human body together, it would be about the same size as the liver. Marrow is 
full of progenitor cells, which eventually specialize into specific types of blood cells, 
like red blood cells, white blood cells, and platelets. This ability of progenitor cells 
to morph into whatever specific cells the body needs is an active area of interest to 
stem cell researchers who want to find a way to treat disease with unspecialized, 
multipurpose cells that can regenerate damaged organs. 

Blood cells are constantly being created in the marrow of flat bones like the 
pelvis and sternum, but long and narrow bones, like those in the legs and arms, 
don’t produce many blood cells. In fact, long bones only produce blood until around 
20 years of age. After that time, the marrow becomes inactive and loses its red 
coloration, and the red marrow becomes yellow marrow.

When a fetus is developing in the womb, its blood cells are created in the liver 
and spleen. These organs are able to resume the production of blood cells later in 
life if bone marrow cannot produce enough blood. 
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At the microscopic level, bone is made up of a framework of a protein called collagen 
(pound for pound, it’s as strong as steel). Collagen becomes calcified in such a way that it 
has flexibility instead of being totally rigid. This ability to bend without snapping helps your 
bones withstand extremely powerful external forces.

That’s right. Even after you stop growing, your bones are always dissolving a little at a time 
(resorption), and new bone is being reformed there (ossification). It’s said that by the time 
you’re about two years old, all the original bones in your body have been replaced.

Bones are dissolved and regenerated by cells called osteoclasts and osteoblasts. 
Osteoclasts dissolve and break down the bone structure little by little. Osteoblasts regener-
ate the bone by attaching calcium. This whole process is called bone metabolism, which 
both enables and prunes bone growth, always keeping the microscopic structure in order 
(see Figure 8-5). 

Figure 8-5: Osteoclasts and osteoblasts at work

Osteoblast
(cell that creates bone)

Osteoclast
(cell that dissolves bone)

Who knew bones were so complex! Bone is always replacing itself too, isn’t it?
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Of course, when osteoclasts break down bone, they aren’t just being a nuisance. They 
remove old bone that has developed microscopic cracks over time. They also extract cal-
cium from bones in order to maintain the correct concentration of calcium in your blood.

Bone contains 99 percent of the calcium in the human body. Bone metabolism has 
a close relationship with estrogen, which slows the resorption of bone. As a result, 
after menopause—when women produce significantly less estrogen—women are  
vulnerable to dangerous bone loss called osteoporosis, which can leave  
bones brittle.

Did You Know?
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I didn’t think 
this many 

people would 
show up.

Yikes!

Creak...

Click

Cells, Genes, and 
Reproduction

Storing and replicating 
biological blueprints
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Great  
turnout,  

huh?

Y-yes...

Whoa,  
she spoke  

to me. That’s  
a first.

They all came out 
for junior’s first 

lecture.

Huh? What’s up 
with this “junior” 
stuff again? The 

dorm mother was 
also calling him 

“Junior.”

That guy over 
there is Sato, 
the wrestler!

And he’s 
Mizushima, 

the 
swimmer!!

quiet!

Star 
athletes??

Koujo M
edical S

chool

Shhhh

New Department of Sports  

and Health Science  

Open Campus August 3

Featuring a 

Q&A with star 

athletes!
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Cells are the 
smallest units of 
life and are often 
called the building 

blocks of the 
human body.

Our bodies 
contain trillions 

of cells.

Great, he’s 
covering cells!

The cell membrane is 
a semipermeable wall 
that surrounds the 
cell. The liquid that 

fills the cell is called 
cytoplasm.

The cell also 
contains organelles, 

which each have a 
unique role.

Am I going 
into too much 

microscopic detail 
for you?

The nucleus 
stores genetic 

information.

mitochondria produce 
ATP, ribosomes help 

assemble proteins, and 
the Golgi apparatus 
stores and secretes 

proteins.

Different kinds of 
cells have different 
specialized functions, 

but by and large they all 
share a basic structure 
as well as basic tasks 

like converting nutrients 
into energy.

Mitochondria

Ribosome

Cell

Golgi 
apparatus

Nucleus

Cell membrane Cytoplasm

Basic Structure of the Cell
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Well, you can think 
of a single cell as 
something like an 

automobile factory.

The nucleus is like the 
files that store the 

blueprints for every type 
of vehicle that can be 

built at that plant.

When it’s time to build a particular car, 
the blueprint is copied from the files and 

used to assemble that car.
Okay, I’m with 
you so far…

In a cell, a section of DNA is copied 
to a strand of RNA, and ribosomes 
synthesize proteins according to 

that RNA copy.

Mitochondria supply 
ATP as energy (“ATP 
and the Citric Acid 
Cycle” on page 74).

This basic cell 
structure is 

exactly the same 
for everyone, 

including Mr. Sato 
and Mr. Mizushima 
who came to visit 

us here today.

Files

Raw 
materials

Assembly Assembly Assembly

Minivan Sedan Truck

Copy of 
minivan 

blue­
print

Ribosome

Protein Protein Nutrients/oxygen

Ribosome Ribosome

Protein

Respiration

Blueprints of every 
type of vehicle

Power 
generator

Nucleus (DNA)

Copy

Mitochondria

Minivan

Sedan Truck

Automobile
Factory

Copy of 
sedan 
blue­
print

Copy of 
truck 
blue­
print
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There’s just one 
difference—even 
my muscle cells 

have muscle 
cells.

Even though cells share a 
basic structure, they can still 
be pretty different. did you 
know that neurons hardly 
duplicate or divide at all 

after you are born? 

But other cells, such 
as skin cells, are 

constantly replenished—
older cells die and new 

cells are created to 
replace them.

Oh, He's from 
an academic 

family?

How’d he get all those 
all-star athletes to 

show up?

The Professor has 
been palling around 
with them since he 

was a kid.

Those guys 
are former 

students of the 
Professor’s 

father.

Hey...

Seriously, though, 
listen to Junior and 
you’ll learn a thing 

or two.

Uh, thanks!

Ha Ha hA

whisper
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Let’s talk about 
how cells 

are grouped 
together.

Epithelial tissue lines the surfaces 
of your body. It forms the outer 

layer of skin and the lining of 
your organs. These cells form 

protective sheets that can absorb 
and secrete fluids.

Muscle tissue cells are designed 
to contract. There are three types, 

shown below:

So cells collected 
together become tissue, 

and various kinds of 
tissue are combined to 

form organs...

and all those 
organs add up to 
make a complete 

human body.

Connective tissue provides structure 
throughout the body. It’s mostly 
found in cartilage, bone, and fat. 

Nervous tissue consists of neurons 
and glial cells, which support 
neurons and provide them with 

nutrients.

A collection of 
cells is called 

tissue. 

The form and function of 
a cell differ depending 
on what kind of tissue it 

belongs to. Tissue can be 
classified into four kinds 

as follows.

Cell body

Ohhhhh...

Cardiac  
muscle cell

Skeletal  
muscle cell

Smooth  
muscle cell

Snap

Cell
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The blueprints 
tell cells how to 
assemble proteins.

Proteins are 
extremely versatile 

building blocks.

A protein 
consists of 
a chain of 

amino acids.
Excuse me, 
professor.

Depending on 
the number and 
arrangement 

of amino acids, 
different proteins 

are formed.

 Enzymes, antibodies, 
and collagen, for 

example, are all made 
out of proteins.

Now let’s move on to 
deoxyribonucleic acid, 
better known as DNA.

DNA is contained in the cell 
nucleus, and it serves as a 
complete human blueprint.

This is an enzyme! 

This is an antibody! 

Genes and DNA
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What’s the 
difference 

between DNA and 
genes?

Ooh, I wanted 
to ask that 

too.

Our guest 
has become a 

student...
DNA refers to 
the complete, 
double-helix 
structure... 

Actually, that’s a 
common question.

that contains 
our entire 
biological 
blueprint.

genes refer to a 
particular strip of 

instructions that control 
a particular trait. It’s 

sort of like DNA is a long 
strip of paper and genes 
are particular sets of 

instructions on that strip.

In fact, only a tiny 
percentage of the entire 

human genome consists of 
genes—the vast majority 
of DNA does not directly 

control any traits or 
proteins.

The long connected strip of  

paper is the DNA.

The individual instructions are genes.



So you, Osamu, are 
genetically similar to 
old Professor Kaisei, 

right?

As they say— 
if the father is a 

frog, the son will 
be a frog.*

Sorry, junior… 
I mean, 

professor!

That’s right—he’s a 
professor! And don’t 

forget his father 
is the university 
president now!

Huh?

Junior? 
Professor? 
President?

snivel

Whap

Ack

That’s enough 
outta you.

University 
President Kaisei

Professor Kaisei

You just noticed?

He’s from the 
same Kaisei 

family?!

* A Japanese proverb similar to “like 
father, like son.”
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Even in the Sports 
and health Science 

department, we 
pursue genetic 

research.

For example, we 
investigate the DNA 
of former Olympic 

athletes...

Ahem, so I was 
saying...

It would be 
wonderful if we 
could establish 
better training 

methods or 
nutritional 

supplements based 
on results from 
genetic research.

But it’s not all genetics. 
I worked long and hard 
to be a top wrestler!

I'd participate 
in any research 
study for you, 

Osamu!

Cough

Flex

Get out 
of here.

I’m sorry.

to look for a genetic 
basis for characteristics 
such as “explosiveness”  

or “endurance.”
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Isn't there 
some truth 

to that?

Of 
course.

In fact, I’d say the 
same applies to 

academic aptitude.

I always wondered 
about that.

Well, this concludes 
the Department of 
Sports and Health 

Science open campus 
lecture for the course 

that will be offered 
next term.

Genes control certain  
traits, but aren’t there 

many other factors that 
determine your ability as 
an athlete, like training 

techniques and hard work? 

Huh?

Clap  
	 clap

Clap  
	 clap

I can’t believe 
I didn’t know 

the Professor 
is the son of 
the university 

president.

My parents were 
both good 

students. But I think 
there’s more to it. 

They 
encouraged 
me to study 

hard. 

I wonder if 
his teaching 
skills are 
genetic...
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Even More About Cells, Genes,  
and Reproduction!

Heredity is a phenomenon in which characteristics and traits are passed on from cell to 
cell or from parent to child. In this section, we’ll talk about the two mechanisms that allow 
genes to be passed on to new cells or offspring: cell division and reproduction.

Cell Division

As cells in the skin, bone, and certain other parts of the body degenerate, new replace-
ment cells are created by cell division. Cell division is also the process that allows a single, 
fertilized egg cell to grow into a baby during pregnancy (which we’ll come back to a bit 
later).

Chromosomes

Before we talk about cell division, though, we have to learn a bit about chromosomes. 
Chromosomes are very long strands of DNA wrapped around proteins. You can think of 
them as bundles of DNA packaged neatly to make them more manageable in the cell. 
Humans have 46 chromosomes in 23 pairs. Having pairs ensures that you have two 
copies of all the essential DNA your body needs. Cells that have two copies of each chro-
mosome are called diploid.  

Of the 23 pairs, one pair (two chromosomes) are special sex chromosomes (also called 
allosomes), while the other 22 pairs (44 chromosomes) are called autosomes. In females, 
both sex chromosomes are X chromosomes, while males have one X chromosome and one 
Y chromosome. 

Usually DNA is mostly unwound and scattered all over the nucleus, but when a cell 
is preparing to divide it packages up each strand of DNA neatly into chromosomes. At 
that point, we can use a microscope to look at the shape of the 46 chromosomes and tell 
whether the cell has two Xs or an X and a Y. 

The number of chromosomes differs according to the type of organism. 
Humans have 46 chromosomes, but dogs have 78 and fruit flies have only 8.

Did You Know?

Congratulations, It’s a . . .

The sex chromosome of a sperm can be either X or Y, but the sex chromosome of 
an egg is always X. That means that when an egg is fertilized, the sex chromosome 
of the sperm determines the sex of the baby—if the sperm has an X chromosome, 
the child will be female, and if it has a Y chromosome, the child will be male.
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Mitosis

That’s right. Normally DNA is arranged in long, thin coils so that the cell can read and use 
the DNA code, but these coils are bundled up into chromosomes during a type of cell divi-
sion called mitosis. Let’s walk through that process.

First, before mitosis begins, DNA is replicated in the nucleus. Then the nuclear mem-
brane disintegrates, and DNA bundles up to form chromosomes shaped like the letter X. 
Each X contains two strands of identical code, the original and a duplicate, which are side 
by side and held together at the middle. Those duplicate sets of chromosomes are then 
lined up in the center of the cell, and each set of duplicate chromosomes is pulled apart by 
threadlike structures called microtubules so that each cell will get only one copy. Finally, the 
center of the cell squeezes tight until the cell splits. The end result is two identical cells, as 
shown in Figure 9-1.

Figure 9-1: Flowchart of mitosis

Hmm, so we can only see the shape of the chromosomes during cell division.

4. Half of each chromosome is 
pulled to either side by microtubules.

Nuclear membrane DNA Chromosome

1. DNA replicates. 2. Nuclear membrane disintegrates
and chromosomes appear.

3. Chromosomes line up
in the middle of the cell.

6. The cell splits into two cells, 
each identical to the first.

5. The middle is constricted.
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Meiosis

Right, because egg and sperm cells only need half the chromosomes of a regular body cell. 
Normal cell division produces cells with the same number of chromosomes as the original 
cell. Germ cells, however, have half as many chromosomes as a normal cell and are pro-
duced through a special kind of cell division called meiosis. 

Meiosis begins with a cell that has duplicated all its DNA, just as in mitosis. But then, 
instead of dividing just once, the cell divides twice. The result is four germ cells, each with 
23 chromosomes. These germ cells are haploid cells, as opposed to diploid cells, which 
have 23 pairs of chromosomes. 

Sexual Reproduction

In order to reproduce, single-celled organisms like bacteria or algae simply divide in two. 
With this type of reproduction, called asexual reproduction, the new, independent organism 
is exactly the same as the parent. By contrast, almost all multicellular organisms (including 
humans) rely on sexual reproduction, which produces offspring different from either of its 
parents. 

Sexual reproduction depends on gametes: the sperm and egg cells. Sperm cells are 
produced in the testicles of a male, while egg cells are produced and matured in the 
ovaries of a female. 

Females are born with one to two million ovarian follicles. Each ovarian follicle is a group 
of cells that surround a single, immature egg cell (also called an ovum). After the onset of 
puberty, each month a single ovarian follicle matures and becomes ready for fertilization, 
while several thousand other ovarian follicles are steadily reabsorbed by the body. Eventu-
ally the supply of ovarian follicles runs out.

When an ovarian follicle matures, the egg cell is released from the follicle and pushed 
out of the ovary. This process is called ovulation (see Figure 9-2). The egg cell is then 

You know that reproductive cells (also called germ cells or gametes) undergo special cell 
division, right?

The testicles produce new sperm all the time, but the number of eggs in the ovaries is 
finite, isn’t it?

Interphase

So far we’ve been talking about how cells divide, called the division phase, but most 
of the time cells are in a stage of interphase. In interphase, cells use the informa-
tion in DNA to grow, collect nutrients, make proteins, and perform their specialized 
functions in the body. Whenever necessary, a cell in interphase can initiate another 
division phase to create two cells, which then start in interphase. Together, inter-
phase and the division phase make up the complete cell cycle.
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guided by the fimbriae, a kind of fringe of tissue, into the fallopian tube where it might 
encounter sperm. Meanwhile, the ovarian follicle that produced the egg changes shape and 
becomes a corpus luteum. If the egg cell encounters a sperm cell, the egg is fertilized and 
will then send a message to the corpus luteum, which will continue to play a crucial role by 
secreting important hormones to promote pregnancy (see “Sex Hormones” on page 219).

Figure 9-2: The ovulation process

Now let’s turn back to the sperm. When sperm cells enter the vagina, a vigorous 
competition to reach the egg ensues (see Figure 9-3).

The number of sperm ejaculated at one time ranges from tens of millions to a hundred 
million. During the competition, some sperm power ahead while others lose their way and 
drop out. The number of sperm that typically reach the fallopian tubes is estimated to be 
in the tens of thousands, and about 100 manage to arrive in the vicinity of the egg. Only 
one single sperm is capable of ultimately fertilizing the egg, but it’s entirely possible that 
none will make it.

Only one sperm can fertilize the egg, right? How many sperm are usually competing?

During ovulation, an ovarian follicle releases 
a mature egg, which enters the fallopian tube. 
The follicle that surrounded the egg then changes 
into a corpus luteum.

Fallopian tube

Ovary

Corpus
luteum

Fimbriae

Egg

Ovarian
follicle

The lifespan of a mature egg is between half a day and one day, and the life 
span of a sperm is approximately two to three days.

Did You Know?
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Figure 9-3: The fertilization race

Cilia along the inner surface of the fallopian tube carry the egg to the uterus, and if it’s 
been fertilized, the egg begins many rounds of cell division and starts to grow. The fertil-
ized egg then implants itself wherever it lands on the endometrium (the inner wall of the 
uterus), and that’s where it will develop throughout pregnancy, as shown in Figure 9-4. 

Relatively few sperm reach the vicinity of the egg. 
The very first sperm to reach the egg will fertilize it. 

On your marks. Get set. 
Go!

So long, 
sucker!

So long,
sucker!

Between 10 and 100 million sperm start at the same time. The sperm race to the womb. Some get lost or die along 
the way.

I’m going

this way.
Fallopian

tubes

You are here.

Egg

He
y!

Which waydo I go?!

I win!
Let’s make 

a baby!

Egg

A�gh!!

Sperm continue to push on after deciding whether to go
left or right at the entrance to the fallopian tubes.








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Figure 9-4: From fertilization to implantation

But cell division starts even before the fertilized egg reaches the uterus, right?

That’s right. Cell division begins immediately after fertilization, and then the cells start to 
specialize around the time of implantation in the uterus.

The fertilized egg travels
for approximately seven

days between fertilization
and implantation.

Fertilization Uterus

Implantation

Gestation Period

From the time of fertilization, it takes approximately 38 weeks for the fertilized egg 
to develop into a baby capable of surviving outside the womb. But the pregnancy 
period is often considered to begin on the first day of the last menstrual period, 
which is roughly two weeks before ovulation and fertilization occur. That makes for 
a total timeline of 40 weeks.
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They sure 
are!

Seems like the 
lecture was a 
big success!

Those athletes 
are some real 

characters, 
eh?

your makeup 
exam and the 
marathon are 
tomorrow, 

right?

chatter

I’m 
definitely 
signing 

up for his 
class!

Are you 
ready?

The Endocrine System

Sending signals through 
the bloodstream

chatter
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I wish  
I had more time 

to study the 
endocrine system.

There’s a lot to 
remember about 
the endocrine 

system and a lot 
of students have 
trouble with it.

Not really... 
They’re both 
making me  

feel a little  
anxious.

I can help 
though! Let’s 

start with 
a general 
overview.

the endocrine 
organs...

secrete hormones  
that regulate functions 
throughout the body.

Main Human Endocrine Organs

Hypothalamus and  
Pituitary Gland Thyroid Gland

Pancreas
Adrenal Glands

Ovaries (female) Testicles (male)

The hypothalamus links the 
nervous system and the endo-
crine system, and keeps the 
body’s temperature and chem-
istry in balance. The pituitary 
gland is like a control center—it 
signals other glands to secrete 
their hormones.

This butterfly-shaped gland in 
the neck secretes hormones 
that regulate metabolism. The 
parathyroid glands underneath 
it regulate calcium levels and 
bone structure.

Besides secreting diges-
tive fluids (pancreatic juice), 
the pancreas also secretes 
hormones that regulate the 
uptake and distribution of nu-
trients throughout the body.

These triangular glands sit 
on top of the kidneys. They 
are divided into the adrenal 
medulla at the center and the 
adrenal cortex surrounding it.

The ovaries secrete 
estrogen and proges-
terone and produce ova 
(egg cells). 

Do you 
understand 
the basics 
so far?

Yes!

The testicles secrete an-
drogens (male hormones) 
and produce sperm.

Most of these 
glands have many 

functions, but 
here's a quick 

overview.

What Is the Endocrine System?
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These endocrine 
glands release 

hormones into the 
bloodstream.

It sounds  
similar to the 

autonomic 
nervous system.

Yes, that's why 
the endocrine 

system is 
slower to 

deliver signals.

Ah, I see...

So the processes 
of the nervous 

system and endocrine 
system are actually 

really different.

A signal from the 
endocrine system 
is sort of like the 

departures board at 
a train station...

while a nerve 
signal is more 

like an emergency 
telephone call.

Yup.

The endocrine system’s 
instructions are slower, 
and tend to have longer 
lasting effects, while the 
autonomic nervous system 
handles instant, immediate 

changes.

Hormones  
have to travel 
through the 
bloodstream 

to reach 
their intended 

targets.

Except the autonomic 
nervous system 

signals via nerves 
instead of hormones.

hormones affect 
how other organs 

behave and can 
help you adjust to 
changes in your 

environment.

 All of this happens 
unconsciously—you 
don’t deliberately 

control the endocrine 
system.

Endocrine System 
Signal

Nervous System 
Signal

Information slowly filters out 
to various targets.

Information is sent quickly 
from point to point.
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Blood vessel

Target organ
The  
key  
fits!

Instruction

The key 
fits!

Instruction Target organ

Wait, but how do 
hormones send 

signals to specific 
organs…

if they  
are just 

floating in the 
bloodstream?

Man, you really do 
have some studying 
left to do. Let’s go 

a little deeper.

A hormone 
affects only 

certain target 
internal organs.

Although the 
hormone passes 
by lots of cells, 

only certain 
cells can receive 

the hormone’s 
instructions.

I see!

It’s sort of like a 
keyhole. A hormone 
acts on an organ 

only if its key 
fits that organ’s 

keyhole.

A single hormone can 
affect multiple organs, 

including other endocrine 
glands. And even trace 

amounts of a hormone can 
have a significant effect. 

Wow, it’s a really 
intricate system.

What happens 
if there’s 
a hormone 
imbalance?

It depends— 
it could affect 
anything from 
mood to bone 

growth to 
appetite.

That’s because organ 
cells have receptors 
that respond only to 

certain hormones. 



Negative feedback

Up

Up

Upstream

Hypothalamus 
hormones

Decrease!

Upstream

Hypothalamus 
hormones

Pituitary gland 
hormones

Thyroid gland 
hormones

From the 

pituitary 
gland

From the thyroid gland

Up­
stream

Down­stream

Downstream

Down

Pituitary gland 
hormones

Thyroid gland 
hormones

As the upstream hormones increase,  
the downstream hormones increase in response.

Downstream

Increase!

That brings us 
to an important 

feature that 
keeps the 

endocrine system 
in balance...

Say the hypothalamus and 
pituitary gland detect 

that the concentration of 
thyroid hormones is too 
low. In response, they 
secrete hormones that 

stimulate thyroid hormones.

But when the thyroid 
hormone level gets too 
high, negative feedback 

kicks in: The hypothalamus 
and pituitary gland detect 

the overabundance and 
reduce their secretion 
of thyroid-stimulating 

hormones…

But at the same time, 
through negative 

feedback, the hormones 
from downstream affect 
the hormones upstream.

And the volume of 
thyroid gland hormones 
decreases in response.

In this case, 
high thyroid hormone 

levels trigger the 
upstream glands to 
reduce secretion. 

This constant  
feedback keeps hormone 

levels in balance. The level 
of hormones from upstream 

sources like the hypothalamus 
controls hormone secretion 

downstream in places like 
the thyroid.

I see,  
they boost 

thyroid 
hormone 
secretion 
further 

downstream.

That’s 
correct.

The negative  
feedback mechanism!

I know!  
I know!

the glands adjust 
their secretion 

level.

Yes, that’s 
right. As an 
example...

Look at the thyroid 
gland hormones.

That’s how hormone 
levels are adjusted 
in the blood. If the 
levels get too high 

or too low...

Let’s call the 
hypothalamus and 
pituitary hormones 
upstream since they 

come earlier in 
the causal chain.

Balancing Hormone Levels



 

It’s sort of  
like how there are 
different ways to 

study for a test! I used 
to focus on rote 

memorization, but now 
I’m taking more time to 

understand the concepts 
behind each lesson.

It can’t 
be!

It’s already 
that late?!

I'll lend 
a hand.

I've got 
this end.

Let me 
help.For example, several 

different hormones can 
increase blood sugar 

levels (page 221) including 
glucagon, adrenaline, and 

glucocorticoid. 
 

They all have a similar effect 
on the blood sugar level, but 
they use different mechanisms. 

 
They come from different 
sources too—glucagon is 
secreted by the pancreas, 

while adrenaline and 
glucocorticoids are secreted 

by the adrenal glands. Different hormones can contribute  
to the same outcome.

Blood sugar 
level

Accelerator Brake

Glucagon

deep  

nod Yikes!!

whoosh

Adrenaline

Glucocorticoid

It’s like hormone 
production 
continually 

accelerates and 
brakes to stay 
near a constant 

level.

That’s 
right!

It’s also true that 
several different 

hormones can have the 
same kind of effect.

dreamy...



P- 
Professor!

Pleaaaassseee!

Can I  
start right 

away?

What’s 
going on 

here? Your 
outfit...

No, no, 
not at 

all.

I suppose you 
can begin. 

Better hurry...

Sheesh!

I wasn’t just 
memorizing 

facts anyway!

While you can 
still remember 
something from 
your last-minute 
cram session.

I hope you 
kept your 
priorities 
straight.

You have 
your work 

cut out 
for you...

I’m running in 
the marathon 

today.

Is this some 
kind of 
joke?

Bam

Ah...

Blehh



Osmotic Pressure
Concen­
trated Diluted

Tap

Scribble 
	 scribble

Scribble

Ha ha 
ha

Endocrine 

System

HURRAY!

Huh?

Click  
	 click

Uh-oh! 
The marathon 
has already 

started.

I always  
have such a hard 

time with that 
awful endocrine 

system. But yesterday, I 
got it all under 
control, thanks 
to Professor 

Kaisei.

No talking during 
the exam!

I can hear 
the starter 

pistol...

Wha- 
what’s 
that?!



Bang
!

Hurrah!

Hurrah!

Zoom

WHOA ! !WHO A ! !

Where’s 
Kumiko?

I wonder  
why she’s not 

here yet!

She must be 
stuck at her 
physiology 

makeup exam!

No way!  
That stinks!

OK!

I finished!!

Here it is, 
Professor.

Please grade 
this for me!

Huh, she 
really did 
finish it.
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Even more about the Endocrine System!

Now that you have a general understanding of the endocrine system, I’ll talk more about 
the main endocrine glands, one at a time. At the end of the chapter, you’ll find a handy 
summary with the names and actions of the hormones secreted by each endocrine 
gland.

The Hypothalamus and Pituitary Gland

Let’s start with the hypothalamus and pituitary gland. It’s helpful to think of these as the 
headquarters or control center of the endocrine system. Many of the hormones released 
by the hypothalamus and pituitary gland act as signals to other endocrine glands, tell-
ing them to secrete their own hormones. The hypothalamus, which is located above 
the pituitary gland, interacts with both the nervous system and the endocrine system 
(Figure 10-1).

Figure 10-1: Hypothalamus and pituitary gland

The pituitary gland consists mainly of an anterior lobe and a posterior lobe. The ante-
rior lobe produces and releases six hormones that stimulate other endocrine glands. These 
hormones, whose release is regulated by the hypothalamus, are a control mechanism for 
the endocrine system as a whole.

The posterior lobe of the pituitary gland secretes two types of hormones. However, 
the posterior pituitary does not produce these hormones. Instead, they are created by spe-
cialized neurons that stretch down from the hypothalamus, transporting molecules down 
their axons to the posterior pituitary, where they are released into the blood. In other 
words, the posterior pituitary is simply a release outlet (see Figure 10-2).

Other endocrine glands
Thyroid gland
Adrenal gland

Testicles, ovaries, etc.

Some hormones act as signals 
that stimulate other endocrine 
glands, which, in turn, send out 

hormones to affect the 
target organs.Hypothalamus

H
orm

ones

Pituitary 
gland
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Figure 10-2: The hypothalamus sends hormones to the posterior pituitary.

The Thyroid and Parathyroid

The thyroid gland (or simply the thyroid) is located in the neck. It’s regulated by the 
thyroid-stimulating hormone (TSH), which is secreted by the anterior pituitary.

Figure 10-3: Location of the thyroid gland

Hypothalamus
Hormones are synthesized by neuron 
cell bodies in the hypothalamus and 
then transported down the axons to 

the posterior pituitary, where they are 
released into the blood.

Pituitary gland Axon

An
te

rio
r l

ob
e

Po
st

er
io

r l
ob

e

Growth Hormone Disorders

One of the hormones produced by the pituitary gland is growth hormone. If too 
much growth hormone is produced during childhood, long bones such as those in 
the legs will continue to grow, causing a person to become extraordinarily tall. This 
condition is called gigantism. If growth hormone is produced excessively in an adult 
(due to a pituitary tumor, for example), then a person’s hands, feet, and jaw become 
enlarged. This condition is called acromegaly. It’s treated primarily with synthetic 
forms of somatostatin, a hormone that inhibits growth hormone.

Thyroid gland
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The thyroid hormones include thyroxine (T4) and triiodothyronine (T3)—the numbers 
represent the quantity of iodine atoms per molecule in that hormone. These thyroid hor-
mones accelerate basal metabolism—the amount of energy the body uses while at rest. 
If there’s an excess of these hormones, the body will consume energy as if it were highly 
active even if it’s at rest, potentially leading to fatigue. As shown in Figure 10-4, this may 
be accompanied by symptoms such as tachycardia (an abnormally fast resting heart rate), 
protruding eyeballs, and an enlarged thyroid. Graves’ disease (also called Basedow syn-
drome) is a well-known type of hyperthyroidism that can produce such symptoms. 

On the other hand, if the thyroid hormone level is too low, a person experiences a 
drop in metabolism, which in turn can cause listlessness, a decrease in body temperature, 
edema (swelling of body tissues), and a decrease in perspiration (see Figure 10-4). 

Figure 10-4: Symptoms of an over- or underactive thyroid

Four small endocrine glands, called parathyroid glands, are attached to the thyroid 
gland. The parathyroid glands are named for their proximity to the thyroid, but they are 
completely independent and serve a different function than the thyroid. They secrete a 
parathormone (PTH), which increases the blood calcium level (see Figure 10-5).

Cold intolerance

Hyperthyroidism

Protruding eyeballs Tachycardia Heavy breathing Perspiration

Thump

Thump

Ha ha

Hypothyroidism

Ugh

Listlessness Low body
temperature

Edema

Overactive Parathyroid Glands

If the parathyroid glands are too active, too much bone will be broken down, mak-
ing the bones brittle. This would also lead to hypercalcemia, or too much calcium in 
the blood, which can cause bone pain, weakness, and fatigue, and an increased risk 
of kidney stones.
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Figure 10-5: Functions of parathormone (PTH)

It sure is. Calcium is indispensable to functions like muscle contraction, nerve transmission, 
and blood coagulation. If there is too little calcium in the blood, muscles can no longer 
move smoothly. Parathormones keep the blood calcium level from dropping too low.

The Adrenal Glands

The adrenal glands, situated on top of the kidneys, consist of an adrenal cortex and an 
adrenal medulla, each of which secretes different hormones (Figure 10-6).

Figure 10-6: Adrenal cortex and adrenal medulla

PTH promotes absorption of calcium from 
bones and the intestines, and suppresses 
excretion of calcium from urine, which 
increases the blood calcium level.

Bone
Absorption

Digestive
tract

Absorption

Blood

Kidney

Suppression

PTH

Adrenal medulla

Adrenal glands Adrenal cortex

Kidney

The blood calcium level is extremely important, isn’t it?
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The adrenal cortex secretes steroid hormones, meaning that they are synthesized 
from cholesterol. Although cholesterol has a bad reputation, it is a necessary component 
of the human body. The three types of hormones secreted by the adrenal cortex are gluco-
corticoids, mineralocorticoids, and androgens—each of these comes from a different layer 
of the cortex (Figure 10-7). 

Figure 10-7: Functions of the adrenal cortex hormones

Glucocorticoids are involved in mobilizing glucose into the bloodstream, which is why 
gluco is part of their name. They also suppress inflammation and other immune system 
responses, and are widely used in pharmaceutical drugs.

Mineralocorticoids affect the balance of water and sodium in the body. The most impor-
tant hormone in this category is aldosterone. Aldosterone influences the renal tubule of the 
kidneys to promote the reabsorption of sodium into the bloodstream. This draws water into 
the bloodstream as well and reduces the volume of urine, keeping more fluid in the body 
(see “Reabsorbing Water and Nutrients” on page 87).

Androgens are secreted by the adrenal cortex. Androgens are often called “male hor-
mones,” but these hormones are produced by the adrenal cortex in both males and females.  

That’s right. And if too many glucocorticoids are secreted by the adrenal cortex, the amount 
of adrenocorticotropic hormone is reduced to balance things out. This is an example of a 
negative feedback mechanism (as shown in “Balancing Hormone Levels” on page 207).

Androgens (male hormones) 
are also secreted in females

Adrenal cortex
Glucocorticoids

Suppress inflammation and
increase blood sugar level

Adrenal medulla

Mineralocorticoids Promote reabsorption of 
sodium

Androgens

The adrenal cortex hormones are regulated by the adrenocorticotropic hormone, which is 
secreted by the anterior pituitary, right?
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Next, let’s talk about the adrenal medulla, which secretes adrenaline. The adrenal 
medulla releases more adrenaline when it’s triggered by the sympathetic nervous system 
(as part of what’s often called a fight-or-flight response). In other words, adrenaline levels 
increase when you are excited, scared, or in the middle of strenuous activity. The adrenal 
medulla is almost like an extension of the sympathetic nervous system (see Figure 10-8).

Figure 10-8: The adrenal medulla and sympathetic nervous system work  

together to release high levels of adrenaline.

The Pancreas

The pancreas functions as both an exocrine gland and an endocrine gland. An exocrine 
gland secretes fluid by way of a duct to another area either inside or outside the body. In 
this case, the fluid is a digestive pancreatic juice secreted into the duodenum via the pan-
creatic duct. But as an endocrine gland, the pancreas also secretes hormones directly into 
the bloodstream. This endocrine function is performed by clusters of cells that are scat-
tered throughout the pancreas like islands. Together they are called the islets of Langerhans 
(Figure 10-9). The islets of Langerhans include A cells (alpha cells) that secrete glucagon 
and B cells (beta cells) that secrete insulin.

We work
together!

Sympathetic
nervous
system Adrenal

medulla

Androstenedione: A Sex Hormone Precursor

Androstenedione is an androgen secreted by the adrenal glands that is converted 
into testosterone and estrogen in fat and other tissues around the body. The level of 
estrogen produced by the adrenal glands is tiny compared to that produced by the 
ovaries in younger women, but this small amount is necessary in men and post-
menopausal women. 
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Figure 10-9: The pancreas contains more than a million islets of Langerhans.

Insulin regulates the body’s blood sugar level. If the blood sugar level increases, the 
pancreas releases more insulin, which lowers the blood sugar level (Figure 10-10). 

Figure 10-10: Insulin asks muscle and fat cells to absorb excess glucose to reduce sugar levels in the blood.

You are correct. Lots of hormones increase the blood sugar level (including adrenaline, 
growth hormones, glucocorticoid, and thyroid hormones), but insulin is the only one that 
lowers it (Figure 10-11). This is why insulin is so important.

Figure 10-11: Insulin is the only hormone that lowers blood glucose levels.
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If I’m not mistaken, insulin is the only hormone that decreases the blood sugar level, right?
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If there’s not enough insulin or if cells don’t properly respond to the insulin, the blood 
sugar level will rise. This condition is called diabetes mellitus. People with this condition 
must carefully regulate their diet and may need to take medication or administer extra 
insulin by injection.

Glucagon does the opposite of insulin: it raises the blood sugar level by breaking down 
glycogen in the liver, which releases glucose into the bloodstream (Figure 10-12). 

Figure 10-12: When blood sugar levels drop, glycogen is broken  

down in the liver to produce glucose and release it into the blood. 

Sex Hormones

Finally, we have the sex hormones, which are responsible for the development of pri-
mary and secondary sex characteristics. Primary sex characteristics are those that are 
already formed and recognizable at birth, such as genitals. Secondary sex characteristics, 
on the other hand, appear later in life, mostly starting with puberty. Male secondary sex 

Diabetes Types 1 and 2 

Diabetes mellitus is classified as either type 1 or type 2. Type 1 is caused by the loss 
of the ability to produce insulin. It usually first appears in childhood. While incurable, 
it can be managed by the administration of insulin injections several times a day. 
People with diabetes measure their blood sugar levels to know when to either eat 
something or inject insulin. 

Type 2 diabetes occurs when cells stop responding well to insulin and therefore 
take less glucose from the bloodstream. This disease usually first appears later in 
life, and it’s associated with lifestyle risk factors and other metabolic disorders like 
obesity. Treatments target different parts of the glucose-regulating system: sugar 
intake in the diet, the cells that have become less sensitive to insulin, the liver 
(which releases glucose), and the pancreas (which is still producing insulin). 

Glucose

The bl�d sugar level dro�ed! 
Time to get busy, liver.

Glucagon

Here I go!

Liver
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characteristics include a deepened voice and accelerated growth of body and facial hair. In 
females, hormones trigger the development of breasts and menstruation. 

Male hormones (also called androgens) are mainly secreted by the testicles, but smaller 
amounts are also secreted by the adrenal cortex. Female hormones include estrogen and 
progesterone. Both are secreted by the ovaries and are regulated by gonadotropins from the 
pituitary gland.

Yes, the menstrual cycle occurs as a result of female hormones, whose main function is to 
assist with conception and childbirth. The ovaries and uterus prepare themselves for the 
possibility of a pregnancy, starting over every cycle if an egg is not fertilized. 

Let’s talk about estrogen and progesterone in a little more detail. As shown in Fig-
ure 10-13, estrogen secreted by the ovary causes an ovum (egg) in the ovary to mature 
until it’s ready to be released on its journey toward the uterus, otherwise known as ovulation. 
At the same time, estrogen causes the endometrium, the lining of the uterus, to thicken in 
preparation for a fertilized egg. In other words, estrogen works to enable conception.

After ovulation occurs, the ovarian follicle becomes the corpus luteum, which secretes 
progesterone to enrich the endometrium (Figure 10-13). This makes it easier for a fertil-
ized egg to implant itself. If the egg isn’t fertilized, the endometrium is no longer needed, 
and is broken down during menstruation.

Figure 10-13: Estrogen and progesterone perform different functions.

We’ve gone over many different hormones. The diagram shown on page 221 pro-
vides a summary of the primary effects of the major hormones. Note that many have 
abbreviations; hormones are often referred to by their abbreviations in a clinical setting.

Main Endocrine Organs and Hormones

Periods are caused by estrogen and progesterone, right?

Progesterone strives to make a comfortable bed 
in the uterus to protect the implanted fertilized egg.

Ovum (egg)

Fertilized egg

Estrogen

Progesterone

Estrogen helps the ovum mature until
it is ready for ovulation.
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Well,  
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* From left to right: Kagero = Mayfly; Ageha (chou) = Swa�owtail bu­erfly; 
Hotaru = Firefly; Akiakane = Red dragonfly; Hachi = B� 



Afterword:  
Creating This Book

What’s the best way to learn about physiology? That’s what we asked ourselves when writ-
ing this book, and I hope that Osamu and Kumiko have shown that the best way to learn 
physiology is not through rote memorization alone.

Kumiko soon finds that physiology is so much more interesting when you take a per-
sonal interest and identify with the processes you’re learning about. Also, while physiology 
certainly requires some memorization, it’s important to have a wider understanding of how 
the different parts of our bodies work as a whole. Each organ has its own functions, but the 
organs also act in conjunction with each other. Similarly, blood, oxygen, nerves, hormones, 
and lymph fluid work together to carry out various functions in a huge network. Reading this 
book will help you understand these relationships, and so better understand the human body.

We were aware from the start that covering such an extensive academic subject in a 
single book would be a formidable endeavor. For that reason, we used memorable illustra-
tions and scenes, instead of difficult diagrams and anatomical charts, to help readers see 
physiology as an interesting field and to win over those who previously disliked the subject.

This manga shouldn’t be the only text you work from when studying for your physiology 
exam, but we’d be extremely pleased if it were to give you an interest and basic education in 
physiology and encourage you to keep studying.

Last but not least, we would like to take this opportunity to express our sincere thanks 
to Professor Etsuro Tanaka of Tokyo University of Agriculture, who provided editorial supervi-
sion in all details of this book; Ms. Yasuko Suzuki, a medical writer who collaborated; and 
everyone in the Development Department at Ohmsha, Ltd.

BeCom co., Ltd. 
October 2011
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See also blood
extraocular muscles, 157
eyes, 156–159

astigmatism, 158
blind spots, 159
colors and light, 159
cone cells, 156, 159
cornea, 156
crystalline lens, 156
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eyes, continued
depth perception, 156–157
extraocular muscles, 157
hyperopia, 158
iris, 156
macula, 156, 159
myopia, 158
optic chiasm, 157, 158
optic nerve, 156
presbyopia, 158
pupils, 157
retina, 156
rod cells, 156, 159
structure of, 157
visual acuity, 159
visual cortex, 157

F

fallopian tubes, 199
fats

cholesterol, 68
fatty acids, 68–69
lipids, 68–69
neutral fat, 68–69

fatty acids, 68–69
femoral artery, 28, 180
fertilization, 198–201
fibrin, 117
fibrinogen, 117
fibrinolysis, 118
filiform papillae, tongue, 165
filtering blood

Bowman’s capsule, 85–86
creatinine, 83
excretion, 83–84
glomerulus, 84–85
primary urine, 86
renal corpuscle, 85
urea, 83
uric acid, 83
urine, 83–84
urobilinogen, 83
waste products, 83

fimbriae, 199
flexor muscles, 176
follicle-stimulating hormone 

(FSH), 221

fovea centralis, macula, 156, 159
FSH (follicle-stimulating 

hormone), 221
functional specialization 

(localization of brain 
functions), 132

G

gametes (reproductive cells), 198
ganglia, 124
gas exchange, 37, 46–47
gastric juice, 76
genes

difference between DNA 
and, 192

genetic research, 194–195
germ (reproductive) cells, 198
gestation period, 201
GH (growth hormone), 221

disorders, 213
gigantism, 213
glomerular filtrate (primary 

urine), 86, 90–91
glomerulus, 84–85, 89
glucagon, 208, 219, 221
glucocorticoids, 208, 216, 221
glucose, 66–67

brain and, 134
from liver, 79
osmotic pressure, 108
reabsorption of, 89

glycerol, 69
glycogen, 219
glycolysis, 75
Golgi apparatus, 187
gonadotropins, 220
granulocytes, 115
Graves’ disease (Basedow 

syndrome), 214
gray matter (cerebral cortex), 

131, 133
growth hormone (GH), 221

disorders, 213

H

haploid cells, 198
HCl (hydrochloric acid), 60, 72

hearing, 159–161
heart

heart failure, 98
impulse conduction system, 

12–17, 22–23
infants versus adults, 24
movements and waveforms, 

18–20
stroke volume, 24

heartbeat, 20
hematocrit, 111
heme, 114
hemoglobin, 80, 112–113
hemolytic anemia, 113
hemostasis, 117
hepatic arteries, 78
hinge joints, 175–176
homeostasis, 50, 89, 92–95
homeotherms, 178
hormones. See also endocrine 

system
adrenaline, 139, 208, 

217, 221
adrenocorticotropic hormone, 

216, 221
aldosterone, 92, 93, 96, 216
androgens, 216, 217, 

220, 221
androstenedione, 217
angiotensin, 96
anterior pituitary, 221
antidiuretic hormone (ADH), 

92–93, 221
balancing, 207–208
erythropoietin, 96
estrogen, 183, 220, 221
follicle-stimulating hormone 

(FSH), 221
glucagon, 208, 219, 221
glucocorticoids, 208, 216, 221
glycogen, 219
growth hormone (GH), 221
growth hormone 

disorders, 213
insulin, 218–219, 221
luteinizing hormone (LH), 221
mineralocorticoids, 216, 221



Index  235

oxytocin, 221
parathormone (PTH), 214, 

215, 221
posterior pituitary, 221
progesterone, 220, 221
prolactin, 221
renin, 96
sex, 219–220
somatostatin, 213
steroid, 216
thyroid-stimulating hormone 

(TSH), 213, 221
thyroxine (T4), 214, 221
triiodothyronine (T3), 214, 221
vasopressin, 92–93, 221

hydration, 110
hydrochloric acid (HCl), 60, 72
hyperalgesia, 154
hypercalcemia, 214
hyperopia, 158
hyperthyroidism, 214
hyperventilation, 51
hypoproteinemia, 109
hypothalamus, 204, 212–213
hypothyroidism, 214
hypoventilation, 51

I

ileum, 57, 62
immature egg cell (ovum), 

198, 220
immune system, 114, 115, 

117, 216
implantation, 201
impulse conduction system of 

heart, 12–17
atrioventricular node, 22–23
Bundle of His, 22
Left bundle branch, 22
left heart, 13–15
myocardium, 15, 16–17, 22
pulmonary circulation, 15
Purkinje fibers, 22
Right bundle branch, 22
right heart, 13–15
sinoatrial node, 16–17, 22–23
systemic circulation, 15

inclination of the head motion, 
161, 162

incus, 159
infants

heart rate, 24
risk of dehydration, 111

injuries, brain, 133–134
inner ear, 159, 161–162
insulin, 218–219, 221
interbrain (diencephalon), 130
intercostal muscles, 41, 45
interior anal sphincter, 64
internal intercostal muscles, 

41, 45
internal respiration, 46–47
internal sphincter muscles, 94
interphase, cells, 198
interstitial (tissue) fluid, 102–105
intervertebral disks, 174
intestines

large, 57, 63–64, 73
small, 57, 62–63, 73

intracellular dehydration, 111
intracellular fluid, 102, 104
intravascular fluid, 102
involuntary (smooth) muscles, 169
iris, 156
iron-deficiency anemia, 113
islets of Langerhans, 217, 218

J

jejunum, 57, 62
joint capsules, 174
joints, 173–177

ball-and-socket, 175
cartilage, 174
defined, 174
extensor muscles and, 176
flexor muscles and, 176
hinge, 175–176
intervertebral disks, 174
joint capsules, 174
ligaments and, 174
mutually antagonistic muscles 

and, 176
range of motion, 175
synovial fluid, 174

K

kidneys and renal system, 81–98
Bowman’s capsule, 85–86
creatinine, 83
dialysis, 98
distal convoluted tubule, 88
excretion, 83–84
filtering blood, 83–86
glomerulus, 84–85, 89
homeostasis, 89, 92–95
loop of Henle, 88
monitoring blood, 95–96
nephron, 88
primary urine, 86, 90–91
proximal convoluted tubule, 88
reabsorption, 87–89
renal corpuscle, 85
renal insufficiency, 97–98
renal tubule, 87–89
urea, 83
uric acid, 83
urination, 93–95
urine, 83–84, 90–95
urobilinogen, 83
vitamin D activation, 96–97
waste products, 83

kinesthesia, 149
Korotkoff sounds, 30
Krebs, Hans Adolf, 76
Krebs cycle (citric acid cycle), 

74–76, 170

L

lactose, 66–67
large intestine, 57, 63–64, 73
lead electrocardiograms, 23
left atrium, 13–15, 19
left bundle branch, 17, 22
left coronary artery, 25
left heart, 13–15
left internal jugular vein, 31
left subclavian vein, 31
left venous angles, lymphatic 

system, 31–32
left ventricle, 13–15
LH (luteinizing hormone), 221
ligaments, 174
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limbic system, 130, 163
limb leads, electrocardiogram, 23
lipase, 76
lipids, 68–69
liver

detoxification, 78
digestive system and, 78–80
metabolism, 79
processing of red blood 

cells, 114
localization of brain 

functions (functional 
specialization), 132

loop of Henle, 88
lungs

blood circulation, 27
pulmonary circulation, 13–15, 

26–28
pulmonary function testing, 

52–53
ventilation, 37–41

luteinizing hormone (LH), 221
lymph, 31
lymphatic system, 31–32
lymphatic vessels, 31
lymph fluid, 160
lymphocytes, 115
lymphoma, 32

M

macrophages, 115, 116
macula, 156, 159
malleus, 159
maltose, 66–67
marrow, bone, 181
mastication (chewing), 57, 72
median cubital vein, 28
medulla oblongata, 130
medullary cavity, 181
megakaryocytes, 117
meiosis, 198
meninges, 130
menopause, 183, 217
mesencephalon (midbrain), 130
mesenteric veins, 78
metabolism

adenosine triphosphate, 74–76
bone, 182–183

liver and, 78–80
respiratory system and, 36
thyroid gland and, 214

microtubules, 197
midbrain (mesencephalon), 130
middle ear, 159
millimeters of mercury (mm Hg)

blood pressure, 31
partial pressures of gases, 48

mineralocorticoids, 216, 221
minerals, 89
mitochondria, 187–188
mitosis, 197
mitral valve, 15
mm Hg (millimeters of mercury)

blood pressure, 31
partial pressures of gases, 48

monitoring blood, 95–96
monocytes, 115, 116
monosaccharides, 67
motor cortex, 132–133
motor nerves, 123–124
movements and waveforms, heart

electrocardiograms, 18–20
P wave, 19
QRS complex, 19
T wave, 20

mucus barrier, 60
muscle fibers, 168–172

adenosine triphosphate, 170
anaerobic energy, 172
cardiac muscles, 15–18, 

22, 169
citric acid cycle, 170
myoglobin, 172–173
red, 171–172
skeletal muscles, 169
smooth muscles, 169
striation, 169
white, 171–172

muscle tissue, 190
musculoskeletal system, 167–183

bone metabolism, 182–183
bones, 180–183
joints, 173–177
muscle fibers, 168–172
regulating body temperature, 

178–180

mutually antagonistic 
muscles, 176

myocardium (cardiac muscle), 
15–18, 22, 169

myoglobin, 172–173
myopia, 158

N

natural killer (NK) cells, 115
neocortex, 131, 132
nephrons, 88
nerve plexus, 138
nervous system, 119, 120. See 

also sensory nervous 
system

affect on circulatory system, 
24–25

autonomic, 138–141
autonomic nerves, 123–124
cerebrum, 125–128
ganglia, 124
motor nerves, 123–124
neurons, 121, 122, 123
peripheral, 123–128
sensory nerves, 123–124
somatic, 137–138
spinal reflex, 125

nervous tissue, 190
neurons, 121, 122, 123
neurotransmitters, 122, 141
neutral fat, 68–69
neutrophils, 115, 116
NK (natural killer) cells, 115
norepinephrine, 139
nose, 162–164
nucleus, 187–188
nutrients, 65–71

carbohydrates, 65–67
fats, 65, 68–69
proteins, 65, 70–71

O

odorants, 163
olfactory epithelium, 162, 163
oliguria, 97
oncotic pressure (colloid osmotic 

pressure), 109
optic chiasm, 157, 158
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optic nerve, 156
oral cavity, 57
organelles, 187
osmosis, 107‑108
osmotic pressure

diffusion, 107
electrolytes, 108
glucose, 108
oncotic pressure, 109
proteins, 108, 109
semipermeable membrane, 

106–109
ossicles, auditory, 159‑160
ossification, 182
osteoblasts, 182
osteoclasts, 182–183
osteoporosis, 183
outer ear, 159
ovarian follicles, 198–199
ovaries, 204, 221
ovulation process, 198–199, 220
ovum (immature egg cell), 

198, 220
oxidation, 74
oxygen. See also respiratory 

system
gas exchange, 37
kidneys and, 96

oxytocin, 221

P

P waves, electrocardiogram, 19
pain

pain receptors, 154–156
radiating, 151
referred, 151

paleocortex, 131, 132
pancreas, 61, 204, 217–219, 221
pancreatic juice, 61
papillae, tongue, 165
parasympathetic nervous system 

(PNS), 24–25, 138–140
parathormone (PTH), 214, 

215, 221
parathyroid glands, 214–215, 221
partial pressures of gases, 43–45, 

48–49

pepsin, 60, 70
peptides, 70–71
peripheral nervous system, 

123–128
peripheral venous blood, 112
peristalsis, 59, 62
perspiration, 179–180
pH, 50
phagocytosis, 115
pituitary gland, 204, 212–213
plasma, 111, 118
platelets, 117–118
PNS (parasympathetic nervous 

system), 24–25, 138–140
polysaccharides, 67
pons, 130
popliteal artery, 28
portal vein, 78
posterior (dorsal) root, spinal 

nerves, 135
posterior pituitary hormones, 221
potassium

intracellular fluid, 105
reabsorption of, 89
renal insufficiency and, 98

pregnancy, 196, 199, 200‑201, 
220. See also sexual 
reproduction

presbyopia, 158
primary sex characteristics, 

219–220
primary urine (glomerular 

filtrate), 86, 90–91
proenzyme, 60
proenzyme (zymogen), 60
progenitor cells, 181
progesterone, 220, 221
prolactin, 221
proprioception, 148–149
protease, 76‑77
proteins

collagen, 182
DNA and, 191
as energy source, 65
hypoproteinemia, 109
metabolism and, 70–71
osmotic pressure, 108, 109

proximal convoluted tubule, 88
PTH (parathormone), 214, 

215, 221
pulmonary alveoli, 37
pulmonary artery, 19
pulmonary aspiration, 58
pulmonary circulation, 13–15, 

26–28
pulmonary edema, 98
pulmonary valve, 15
pulmonary vein, 15
pulse, locations for taking, 28
pupils, 157
Purkinje fibers, 17, 19, 22

Q

QRS complex, 19

R

radial artery, 28
radiating pain, 151
range of motion, joints, 175
reabsorption

distal convoluted tubule, 88
glomerulus, 89
homeostasis, 89
loop of Henle, 88
nephron, 88
proximal convoluted tubule, 88
renal tubule, 87–89

rectum, 57, 64, 73
red blood cells, 112–114

anemia, 113
antigens, 114
hemoglobin, 112–113
recycling of by liver and 

spleen, 114
red muscle fibers, 171–172
referred pain, 151
reflexes, 64
renal corpuscle, 85
renal insufficiency (renal failure), 

97–98
renal system. See kidneys and 

renal system
renal tubule, 87–89
renin, 96
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reproductive cells, 198
residual urine, 94
residual volume, lungs, 53
resorption, 182
respiratory centers, 43
respiratory system, 33–53

acidosis, 50–51
alkalosis, 50–51
controlling respiration, 42–45
diffusion, 47
external respiration, 46–47
gas exchange, 46–47
hyperventilation, 51
hypoventilation, 51
internal respiration, 46–47
lungs, 52–53
metabolism and, 36
partial pressures of gases, 

48–49
pulmonary alveoli, 46
spirogram, 52
ventilation, 37–41

retina, 156
ribosomes, 187–188
right atrium, 13–15, 19
right bundle branch, 17, 22
right coronary, 25
right heart, 13–15
right internal jugular vein, 31
right subclavian vein, 31
right venous angles, lymphatic 

system, 31–32
right ventricle, 13–15
rod cells, 156, 159
rotational motion, 161, 162

S

saliva, 57, 72, 76
saturated fat, 69
secondary sex characteristics, 

219–220
semipermeable membranes, 

106–109
sensorineural hearing loss, 161
sensory adaptation, 155, 164
sensory cortex, 132–133
sensory nerves, 123–124

sensory nervous system, 143–165
balance and inner ear, 

161–162
deep sensations, 149
hearing and ear, 159–161
kinesthesia, 149
proprioception, 148–149
referred pain, 151
sensory adaptation, 155
sight and eye, 156–159
smell and nose, 162–164
somatic sensations, 149
superficial sensations, 146–148
taste and tongue, 164–165
thresholds, 151–155
visceral sensations, 150–151

serotonin, 141
sex chromosomes 

(allosomes), 196
sex hormones, 219–220
sexual reproduction, 198–201

asexual reproduction, 198
cell interphase, 198
cilia, 200
corpus luteum, 199
egg cells, 198–199
endometrium, 200
fallopian tubes, 199
fertilization, 200–201
fimbriae, 199
gestation period, 201
haploid cells, 198
implantation, 201
ovarian follicles, 198–199
ovulation process, 198–199
ovum, 198, 220
pregnancy, 196, 199, 

200‑201, 220 
reproductive cells, 198
sperm cells, 198

shivering, 179
sight, 156–159
sinoatrial node, 16–17, 19, 

22, 25
skeletal muscles

body temperature and, 178
defined, 169

red muscle fibers, 171–172
white muscle fibers, 171–172

small intestine, 57, 62–63, 73
smells, 162–164
smooth (involuntary) 

muscles, 169
SNS (sympathetic nervous 

system), 24–25, 138–140
sodium

extracellular fluid, 105
reabsorption of, 89

solutes, 107, 111
somatic nervous system, 

137–138
somatic sensations

deep sensations, 149
superficial sensations, 

146–148
somatostatin, 213
sperm cells, 196, 198
spinal cord, 134–137

nerve cell paths to and 
from, 136

prenatal and postnatal, 135
spinal reflex shortcuts, 137

spinal nerves, 137–138
spinal reflex, 125
spirograms, 52
spleen, 114
stapes, 159
starches, 66–67
steroid hormones, 216
stomach, 57, 59–60, 72
stool, 63–64, 73
striation, 169
stroke volume, heart, 24
sucrose, 66–67
superficial sensations, 146–148
superficial veins, 28
supernatant, 111
swallowing (deglutition), 58, 72
sympathetic nervous system 

(SNS), 24–25, 138–140
synapses, 122
synovial fluid, 174
systemic circulation, 13–15, 26–28
systolic pressure, 30
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T

T3 (triiodothyronine), 214, 221
T4 (thyroxine), 214, 221
T cells, 115, 116
T waves, electrocardiogram, 20
tachycardia, 24, 214
taste

smells and, 164
taste buds, 164, 165

TCA cycle (citric acid cycle), 
74–76, 170

temporal artery, 28
testicles, 204, 221
thoracic breathing, 40–41
thoracic cavity, 38–39
thresholds, sensations, 151–155
threshold value, 154
thyroid gland, 204, 213–214, 221
thyroid-stimulating hormone 

(TSH), 213, 221
thyroxine (T4), 214, 221
tidal volume, respiration, 42
tissue

interstitial fluid, 102–105
types of, 190

tongue, 164–165
total lung capacity, 53
trabecular (cancellous) bone, 181
tricuspid valve, 15
triglycerides, 69
triiodothyronine (T3), 214, 221
TSH (thyroid-stimulating 

hormone), 213, 221
tympanic membrane 

(eardrum), 159
Type 1 diabetes, 219
Type 2 diabetes, 219

U

ulnar artery, 28
unsaturated fat, 69
urea, 83
uremia, 97
urethra, 95
uric acid, 83
urinary tract, 94

urinary tract infection (UTI), 95
urination, 93–95
urine

anuria, 97
homeostasis and, 90–95
oliguria, 97
residual, 94

urobilinogen, 83
UTI (urinary tract infection), 95

V

vagus nerve, 137
valves, heart

aortic, 15
heartbeat, 20
mitral, 15
pulmonary, 15
tricuspid, 15

vasopressin (antidiuretic 
hormone), 92–93, 221

vegetative state, brain, 133–134
veins

defined, 28
heart, 15
left internal jugular, 31
left subclavian, 31
median cubital, 28
mesenteric, 78
portal, 78
pulmonary, 15
right internal jugular, 31
right subclavian, 31
superficial, 28

vena cava, 15
venous blood, 27, 112
ventilation

abdominal breathing, 40
carbon dioxide, 37
diaphragm, 38–40
gas exchange, 37
intercostal muscles, 41
lungs, 38–39
oxygen, 37
pulmonary alveoli, 37
thoracic breathing, 40–41
thoracic cavity, 38–39

ventral (anterior) root, spinal 
nerves, 135

ventricular fibrillation, 98
vermiform appendix, 57
vestibular system, 161–162
vibration, 149
visceral sensations, 150–151
visual acuity, 159
visual cortex, 132, 157
vital capacity, lungs, 53
vitamin D, 96, 97
vitamins, reabsorption of, 89

W

waste products, 83. See also 
kidneys and renal system

water
extracellular fluid, 102, 

104–105
interstitial fluid, 102, 103–105
intracellular fluid, 102, 104
intravascular fluid, 102
reabsorption of, 89, 93

Wernicke’s area, 132, 133
white blood cells

B cells, 115
defense forces, 116
granulocytes, 115
lymphocytes, 115
monocytes, 115
types of, 115

white matter, 131
white muscle fibers, 171–172

Z

zymogen (proenzyme), 60
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