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aƻŘǳƭŜ м 
¢ŜǊƳƛƴƻƭƻƎȅκIƻƳŜƻǎǘŀǎƛǎ 

BODY ORGAN SYSTEMS 

 

Integumentary System:  hair, skin, nails, sweat glands (functions to protect body 

from damage, control body temperature, impede loss of water, assist in production 

of vitamin D).  

Skeletal System:  bones, related cartilage, joints, ligaments (framework of the body; 

lends support, protection, creates blood cells, permits movement, and provides 

storage for fat and minerals).  

Muscular System:  muscles and tendons (facilitate movement, generate body heat, 

and sustain posture).  

Lymphatic System:  lymph nodes, lymphatic vessels, va rious organs (eliminates 

foreign materials from circulation, fight illness, regulate tissue fluid level, absorbs 

fatty acids contained in the digestive tract).  

Respiratory System: lungs, airways, respiratory muscles (exchanges molecules of 

carbon dioxide a nd oxygen between the external environment and the blood. Also 

maintains blood pH).  

Digestive System:  mouth, esophagus, stomach, intestines, and various organs 

(mechanical and chemical digestion of food, absorbing nutrients, and expelling 

waste products fr om the body).  

Nervous System:  brain, spinal cord, nerves, sensory receptors (sensory perception, 

exercising control over body movement, cognitive reasoning, and vast array of 

physiological processes).  
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Endocrine System:  pituitary gland, thyroid gland, pancr eas, and glands (release of 

hormones; influences growth and development, metabolism, reproduction, and 

other physiological processes).  

Cardiovascular System: heart, blood vessels, blood (utilizes blood as vehicle; 

distributes gases, nutrients, hormones, an d waste products. Also helps with 

immune response and body temperature maintenance).  

Urinary System:  kidneys, urinary bladder, ureters, and urethra (maintain blood pH, 

regulate water balance, expel waste products from blood).  

Reproductive System:  The fema le reproductive system includes ovaries, uterus, 

mammary glands, vagina, and other structures (produces oocytes, provides 

location for fertilization and fetal development. Also produces hormones which 

facilitate lactation and sexual behaviors and functions ). The male reproductive 

system includes the penis, testes, various other structures (production of sperm 

cells and hormones which facilitate sexual behaviors and functions).  

 

BODY DIRECTIONS 

Superior:  above (ex: head is superior to feet).  

 

Inferior:  below  (ex: feet are inferior to the head).  

 

Cephalic:  relative term meaning nearer to the head (ex: collar bone is cephalic to 

the sternum).  

 

Caudal:  relative term meaning nearer to the tail (ex: sternum is caudal to the collar 

bone).  

 

Anterior:  toward the fron t of the body (ex: the nose is anterior to the brain).  

 

Posterior:  toward the back of the body (ex: the brain is posterior to the nose) . 

 

Ventral:  toward the belly; equivalent to anterior (ex: the breast is ventral to the 

spine). 
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Dorsal:  toward the back; equivalent to posterior (ex: the spine is dorsal to the 

breast).  

 

Proximal:  nearer to point of reference or attachment (ex: the shoulder is proximal 

to the elbow or the elbow is proximal to the wrist) . 

 

Distal:  farther away from a point of reference or att achment (ex: the elbow is distal 

to the shoulder or the wrist is distal to the elbow.  

 

Lateral:  away from the median plane of the body (ex: the shoulder is lateral to the 

head or the ear is lateral to the brain).  

 

Medial:  toward median plane of the body (e x: the head is medial to the shoulder or 

the nose is medial to the cheek).  

 

Superficial:  toward, at, or pertaining to the surface (ex: the skin is superficial to the 

muscles). 

 

Deep:  away from or below the surface (ex: the muscles are deep to the skin).  
 

PREFIXES 

a- or an - without or lacking (ex: anorexia)  

ab- away from (ex: abduct)  

ad- toward or adjacent to (ex: adduct)  

anti - against, opposed, or inhibitive (ex: antihistamine)  

arthr - joint (ex: arthroscopy)  

auto - self (ex: autoimmune disease)  

bi - two  (ex: biceps) 

bio - life (ex: biology)  

carcin - cancer or tumor (ex: carcinogen)  
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cardio - heart (ex: cardiology)  

cephal - head (ex: encephalitis)  

cerebro - brain (ex: CVA or cerebrovascular accident)  

chondr - cartilage (ex: chondrogenesis)  

circum - around or round about (ex: circumcision)  

co- with or together (ex: cofactor)  

contra - against or in opposition to (ex: contraindication)  

derm - skin (ex: dermatologist)  

di - two (ex: disaccharide)  

dys - difficult or abnormal (ex: dyslexia)  

ecto - outside or external (ex: ectopic)  

endo - inside or within (ex: endocardium)  

epi - upon or above (ex: epidermis)  

erythro - red (ex: erythrocyte)  

eu - well, good, or true (ex: eukaryote)  

ex- out of or outside (ex: excretion)  

glyco - sweet or sugar (ex: glycogenolysis)  

hemi - half (ex: hemipalegia)  

hepat - liver (ex: hepatocyte)  

hist - tissue (ex: histology)  

hydro - water or liquid (ex: hydrocele)  

hyper - in excess (ex: hyperglycemia)  

hypo - below normal or under (ex: hypoglycemia)  
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infra - beneath or underneath (ex: infrapatellar)  

inter - between (ex: interosseous)  

intra - within or inside of (ex: intramuscular)  

iso - equal (ex: isotope)  

leuko - white (ex: leukocytosis)  

macro - large (ex: macrophage)  

melano - black (ex: melanoma)  

micro - small (ex: microscope)  

mono - one (ex: monosaccharide)  

multi - many or multiple (ex: multicellular)  

myo - muscle (ex: myocardial infarction)  

neo - new (ex: neovascularization)  

nephro - kidney (ex: cystic nephron)  

neuro - nerve (ex: neuroglia)  

oculo - eye (ex: ocular) 

odonto - tooth (ex: orthodontist)  

oligo - deficient or few (ex: oligochromemia)  

opthalm - eye (ex: ophthalmology)  

osteo - bone (ex: osteoporosis)  

oto - ear (ex: otology)  

para - alongside or beyond (ex: parathyroid glands)  

peri - around (ex: pericardium)  

pneumo - air or gas; pertaining to the lungs (ex: pneumonia)  
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pod - foot (ex: podiatrist)  

poly - many or much (ex: polysaccharide)  

post - behind or after (ex: post -traumatic)  

pre - or pro - prior to or in front of (ex: prehypertension)  

pseudo - false (ex: pseudostratified epithelium)  

sarco  flesh (ex: sarcomere)  

semi - half or partially (ex: semipermeable)  

sclero - Hard (ex: scleroderma)  

somato - body (ex: somatic)  

steno - narrow or close (ex: aortic stenosis)  

sub - below or under (ex: subclavian)  

sym - or syn - with or together (ex: symphysis pubis and synchondrosis)  

tachy - fast or rapid (ex: tachycardia)  

trans - across or through (ex: transcutaneous)  

viscer - pertaining to internal organs (ex: visceral fat)  
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SUFFIXES 

-able  capable of (ex: teachable)  

-algia  pain (ex: fibromyalgia)  

-blast  bud, usually referring to cells which are primitive in nature (ex: Chondroblast)  

-clast  pertaining to breaking or tearing down (ex: osteoclast)  

-cyte  cell (ex: hepatocyte)  

-duct  to lead or draw (ex: adduct and abduct)  

-ectomy  to excise or cut out (ex: cholecystectomy)  

-emia  blood (ex: leukemia)  

-genesis  origin or production (ex: glycogenesis)  

-gram  A drawing (ex: sonogram)  

-graph  instrument used to record (ex: angiography)  

-itis  inflammation (ex: tonsilitis)  

-logy  study of (ex: cardiology)  

-lysis  to break down or decompose (ex: glycogenolysis)  

-oid  resembling (ex: arachnoid mater)  

-oma  tumor (ex: carcinoma)  

-pathy  disease or disorder (ex: cardiomyopathy)  

-phag  to eat or to feed (ex: phagocytosis)  

-phil  to love or have an affinity for (ex: hydrophilic)  

-stasis  stop or stable state (ex: homeostasis)  

-stomy  surgical procedure in which an artificial opening is established (ex: colostomy)  
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ABBREVIATIONS 

ACh acetylcholine  

ADH antidiuretic hormone  

ANS autonomic nervous system  

ATP adenosine triphosphate  

AMP adenosine monophosphate  

cAMP  cyclic adenosine monophosphate  

CO2 carbon dioxide  

DNA  deoxyribonucleic acid  

ECG/EKG electrocardiogram  

FAD flavin adenine diphosphate  

FADH2 reduced flavin adenine diphosphate  

GMP guanosine monophosphate  

cGMP cyclic guanosine monophosphate  

H+ hydrogen ion (acid)  

H2CO3 carbonic acid  

HCO3- bicarbonate ion  

H2O2 hydrogen peroxide  

HCl hydrochloric acid  

HDL high -density lipoprotein  

HR heart rate  

Kg kilogram  

L liter  
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LDL low-density lipoprotein  

mOsm  milliosmole  

mV  millivolt  

Na+  sodium ion  

NaCl  sodium chloride  

NAD+  nicotinamide adenine dinucleotide  

NADH  reduced nicotinamide adenine dinucleotide  

NH3  ammonia  

NH4  ammonium  

NO  nitric oxide  

O2 oxygen  

OH- hydroxide  

Pi inorganic phosphate  
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HOMEOSTASIS  

 

HOMEOSTASIS DEFINED 

One of the defining features of warm blooded animals like humans is the ability to 

maintain a core body temperature that is different from the environmental 

temperature. The average human body temperature is 98.6°F (37°C), and the body 

exerts a fair amount of energy ensuring that this temperature stays relatively 

constant; we call this the  set point  for body temperature. Different set points for 

different systems are found throughout the body. For instance, the set point for 

glucose (blood sugar) is 85 mg/dl and the set point for sodium is 142 mmol/L. The 

body uses a variety of organs and organ syste ms to help ensure that 

certain  variables  remain as close to their set point value as possible, or at least 

within a  normal range . For example, without the assistance of clothing the human 

body has a remarkable capacity for keeping the variable of body temp erature 

between 98°F and 100°F even when placed in environmental conditions that range 

from 68°F to 130°F. How does the body stay warm at 68°F and cool at 130°F?  

 

To stay warm, the body can increase metabolism, it can divert blood flow away 

from the surfac e, or it can cause muscles to shiver. All of these mechanisms 

generate heat. Of course we could also use our higher cognitive abilities and put 

some clothes on. To stay cool, the body releases water droplets on the surface of 

the skin, forming sweat, which  act to dissipate heat as the water evaporates. 

Perhaps most interesting, is that sweating, shivering, and blood flow diversion 

happen automatically; in other words, we don't consciously control them, they just 

seem to happen. This automatic property of th e human body to regulate variables 

was observed and defined by Claude Bernard in 1854. Then in 1926 Walter Cannon 

named this process  homeostasis . Homeostasis, like many scientific words, is of 

Greek origin were homeo means "similar or same" and stasis mean s "standing still 

or remaining the same." Homeostasis then, by definition, is the ability of the body 

to maintain relatively stable internal conditions (internal environment) even though 

the outside world (external environment) is changing. The internal en vironment is 

defined as the fluid that surrounds the cells.  

 

As will be explained, the human body undergoes a multitude of highly complex 

interactions to maintain homeostasis by ensuring that systems function to hold 
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different variables within their normal  ranges. These interactions are essential to 

the survival of the body. An inability to maintain homeostasis may lead to death or 

diseases such as: diabetes, dehydration, hyperthermia, and even allergic reactions.  

 

 

HOMEOSTATIC CONTROL SYSTEMS 

In order to e xplain how homeostasis works, let's revisit changes that occur to 

maintain body temperature. How does the body know when to shiver or sweat? 

The first step in recognizing a temperature change is the ability to detect a 

temperature change. In the body, this  function is attributed to a  receptor , which is 

a type of sensor that monitors the environment and detects changes in variables. 

When conditions cause a change in a variable, we call them  stimuli . Once a 

receptor detects a change, it then communicates this  change to a  control center . 

Control centers are located throughout the body, often in the brain, and are 

responsible for determining the set point and the appropriate course of action to 

correct deviations from the set point. Control centers dictate a cou rse of action by 

communicating with  effectors . An effector provides the means to correct the 

deviation. In terms of temperature regulation, the control center is located in the 

hypothalamus, a small region in the brain, and the effectors would include skel etal 

muscle (shivering), sweat glands (sweating) and blood vessels. It is also interesting 

that the human body can change a set point for a particular variable. This change is 

generally temporary and beneficial. For example, the set point for body 

temperat ure can change to a higher value in response to infections, call a fever. 

This increase in temperature aids the immune system in eliminating the pathogen.  

 

An essential component of homeostasis is communication. Communication in the 

body occurs primarily t hrough two systems: the nervous system and the endocrine 

system. Regardless of the system used, if communication flows toward the control 

center from the receptor, it is termed an  afferent  pathway. If information flows 

from the control center to the effect or, it is termed an  efferent  pathway. 

Collectively, the receptor, afferent pathway, control center, efferent pathway, and 

effector comprise a  homeostatic control system . Essentially all organs and tissues 

of the body are part of homeostatic control systems  and perform functions that 

help maintain the body's internal environment.  
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Image modified from public domain images of brain and skin. Other elements freehand by JS at BYU-I 

2013. 

 

1. Receptors in the skin and the brain can sense temperature.  

2. Information about the temperature travels through afferent neurons to the 

control center. The control center in this story is the hypothalamus (green dot in 

the brain picture).  

3. The hypothalamus assesses where the temperature is in relationship to set p oint 

(98.6). The hypothalamus then sends a signal through efferent neurons to the skin 

and the muscle tissues.  
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4. The skin and the muscle tissues are effectors. If the control center determines 

that the temperature of the body is above set point, then bloo d vessels in the skin 

dilate, allowing more blood closer to the surface of the body. Sweat glands in the 

skin produce more watery sweat that will be secreted on the surface of the skin and 

allow heat release as the water is evaporated. If the control cente r determines that 

the temperature of the body is below set point, then the blood vessels of the skin 

constrict to keep warm blood towards the core of the body. Also, sweat glands 

cease producing sweat. Muscles are another effector when it is cold. Muscles begin 

to shiver, which produces heat in the body.  

 

 

FEEDBACK RESPONSE LOOP 

Homeostatic control systems, like the temperature example above, generally result 

in Feedback response loops. Feedback response loops start as stimulus that 

changes a variable and e nds with an effector that changes the variable. If the 

variable is changed in a way that brings it back towards set point, we call 

it  negative feedback . We use the word negative to indicate that the resulting 

change in the variable is opposite of the initial change. In other words, if a stimulus 

were to cause the temperature variable to be increased to 99°F, the response of 

sweating would act to decrease the variable back to 98.6°F. Since the initial stimulus 

caused an increase in temperature and the r esulting response was a decrease in 

temperature we call the whole process a negative feedback loop. Regulation of 

body temperature is only one of many examples of how the body maintains the 

constancy of the internal environment. Other negative feedback loo ps that regulate 

homeostasis include replenishment of oxygen by the lungs, the regulation of the 

pH of the blood at 7.4, and the regulation of blood glucose by insulin; but, keep in 

mind that there are many other examples.  

 

Sometimes the response to a stim ulus results in a change to the variable that 

increases the deviation from the set point. This type of mechanism is called 

a positive feedback loop . Most of the time positive feedback loops are the result 

of negative feedback systems that do not adequately  correct the problem. For 

example, in response to a substantial loss of blood, the blood pressure would drop 

and the negative feedback response would be to increase the heart rate to help 

return blood pressure to normal. However, if the loss of blood was t oo great, the 

increase in heart rate might not be adequate to increase the blood pressure, and as 



17 
 

a result, less blood would go to the heart. Since blood carries essential oxygen and 

nutrients, less blood to the heart would essentially starve the heart. Th is would 

result in loss of function, and weaker contractions resulting in less blood being 

pumped, which would result in less blood to the heart and so on. Thus, because the 

negative feedback response (an increase in heart rate) was not adequate, the end 

result was that blood pressure continued to drop. This situation would require 

intervention from a medical professional to save the individual.  

 

There are a few examples where positive feedback mechanisms are good. For 

example, during child birth, labor contractions are enhanced through positive 

feedback. This is the result of a hormone called oxytocin which is released from the 

brain during labor contractions. Oxytocin enters the blood stream from the brain 

and circulates through the blood to the uterus where it causes more powerful 

contractions. Contractions of the uterus push the baby's head downward which 

stretches the cervix. Stretch receptors in the cervix and uterus then send signals to 

the brain to release more oxytocin and this positive feedback system continues 

until birth is accomplished. You may have heard of the drug pitocin; this is a 

synthetic form of oxytocin that can be injected into  expectant mothers to induce 

labor or assist contractions when the oxytocin system is not functioning naturally.  
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Image created by JS  at BYU-I 2013. 

 

Above is an image representation of a Feedback Response Loop. Notice that 

feedback loops can result in N egative or Positive Feedback. The red arrows in the 

top left graph always show what would happen if the effector(s) always caused the 

variable to come back to set point (Negative Feedback). The red arrow in the right 

hand graph (inside the cycle) shows wha t would happen if the effector(s) always 

caused the variable to go further and further from set point (Positive Feedback).  
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aƻŘǳƭŜ нΥ  LƴƻǊƎŀƴƛŎ /ƘŜƳƛǎǘǊȅ 
 

MATTER 

Have you ever wondered why water is a liquid, oxygen is a gas, and sugar is a solid? 

Or why chlorine gas will kill you if you breathe it but when mixed with sodium is 

necessary for normal body function and we die without it? What about fats? Why 

wonɅt they mix with water while salt and sugar do? ϥn the two lessons on basic 

chemistry we will t ry to answer these and other questions dealing with the 

chemicals that make up our bodies.  

All living and non -living things are composed of  matter . I am sure you learned in 

high school that matter is anything that occupies space and has  mass  and that 

mass is simply the amount of matter that an object contains. Oft times mass and 

weight are confused. Weight is a function of gravity pulling on matter. For example, 

your body is composed of a certain quantity of matter, that when acted upon by 

gravity results i n your weight of say 150 pounds. If you took that same amount of 

matter (mass) to the moon where the gravitational force is only 1/6 of that of the 

earth you would only weigh 25 pounds (maybe rather than dieting we should all 

just live on the moon).  

Matter  is composed of  elements . Chemists define elements as substances that 

cannot be broken down into simpler materials by chemical processes. Some 

common elements that you have probably heard of are carbon, hydrogen, oxygen, 

and nitrogen. The building blocks f or elements are atoms, which we will discuss in 

more detail later. In nature there are 92 naturally occurring elements. In addition to 

these, a number have been artificially produced. Based on their chemical 

properties, these elements can be organized into  what is referred to as 

the  periodic table of the elements . We will refer back to this table frequently as 

we discuss the basic chemistry of the elements.  
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Created by BYU-I student Hannah Crowder Spring of 201 

 

The figure above is a ɈPeriodic Table of the Elements.ɉ The elements highlighted in 

yellow make up 96% of our body weight. The 9 elements highlighted in green, along 

with those in yellow, are considered major essential elements. The elements 

highlighted in blue are considered minor essential element s and are required only 

in trace amounts in the body.  

Notice that each element is represented by a 1 or 2 letter symbol. Often these 

symbols are the first letter or letters in the name of the element;  H for 

hydrogen,  C for carbon, and  He for helium. Occasi onally, however, the symbols 

represent the Latin name for the element, hence the symbol for sodium is  Na  for 

the Latin Natrium and the symbol for Potassium is  K for the Latin Kalium. Of the 92 

naturally occurring elements, 4 make up roughly 96% of our body  weight, 

namely  Carbon  (C), Hydrogen  (H), Oxygen  (O) and Nitrogen  (N) (Figure above, 

yellow highlight). In addition to these four, there are a number of other important, 
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but less abundant, elements found in the body. These include phosphorus, sodium, 

potassium, calcium, magnesium, sulfur, chlorine, iron, and iodine (Figure above, 

green highlight). Several other elements are also required for normal functioning 

but only in trace amounts (Figure above, blue highlight).  

 

 

SUBATOMIC PARTICLES 

All elements are composed of extremely small particles of matter called  atoms . We 

can define an atom as the simplest particle of an element that has the chemical 

properties of that element. Chemical properties include the physical state of the 

element (gas, liquid, or solid), the types of bonds the element can form, how it 

reacts with other elements, etc. Therefore all of the atoms that make up the 

element carbon have the same chemical properties.  

 

Physicists have succeeded in blasting atoms apart into dozens of differe nt sub -

atomic particles, however, only 3 of them are stable. These are atomic particles, the 

protons, neutrons,  and electrons . Protons are positively charged particles, have 

mass, and are located in the center, or  nucleus  of the atom. Neutrons have no 

charge, have mass, and are also located in the nucleus of the atom. Neutrons bind 

with protons in a way that helps stabilize the nucleus. Too many or too few 

neutrons may result in an atomic nucleus that is unstable and may decay to form 

other elements. We ref er to these atoms as being radioactive. Although the mass of 

the neutron is slightly greater than that of a proton we can assign both of them the 

relative mass of 1 (1 atomic mass unit or amu). Neutrons and protons constitute 

almost all of an atomɅs mass. The third type of stable particle is the electron. 

Electrons have a negative charge but are extremely small and have a mass only 

1/1850 that of a proton or neutron. They are so small that for practical purposes 

they do not contribute to the mass of the ato m. Electrons move around the nucleus 

at tremendously high speeds, actually travelling at near the speed of light. Although 

we often describe the electrons as residing in orbits that circle the nucleus, like 

planets orbiting the sun, modern physics teaches us that this model is incorrect. 

These Ɉorbitalsɉ are actually areas in space around the nucleus where the electrons 

will be located most of the time. This area is often referred to as the electron 

Ɉcloud.ɉ True, it is still a specific area, but it is a bit more amorphous than a 

spherical orbit. For simplicity, however, we often think of these as satellite -like 

circular orbitals. The image below represents our current model of a Nitrogen 



22 
 

atom.  

 

The nitrogen nucleus contains 7 protons (orange) and 7 neutrons  (green). The 

shaded areas around the nucleus represent the electron orbitals (clouds). Electrons 

(blue) will be found somewhere within these orbitals. (Note: the image is not drawn 

to scale. It has been suggested that if the nucleus were the size of a bas ketball the 

electrons would be about  six kilometers or 3¾ miles away!) 

  

 

image created by BYU-I student Hannah Crowder Fall 2013 

 

Atomic Number  
Take a look at the periodic table again and notice the number at the top of each 

box. This number is the  atomic number  for the element and is unique for each 

different element. For example, the atomic number for hydrogen is 1. No other 

element has an atomic number of 1. For carbon, the atomic number is 6 and, again, 

no other element has an atomic number of 6.  The significance of the atomic 
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number is that it tells us the number of protons in the nucleus of each element. 

Therefore, all hydrogen atoms have 1 proton and all carbon atoms have 6 protons. 

In addition, since atoms have a neutral charge, the atomic num ber also tells us the 

number of electrons in the atom. In chemical notation the atomic number for an 

element is expressed as a subscript preceding the symbol for the element. For 

example carbon would be expressed as  6C. 

 

Mass Number (Atomic Mass)  
The mass number  of an atom, as the name implies, tells the total mass of the 

atom. Since the mass of an electron is extremely small (negligible) it isnɅt used in 

computation of the mass number. Also, recall that the mass of each proton as well 

as each neutron is 1 atomic mass unit. Therefore the mass number is the sum of 

the protons and neutrons in the atom. Since the mass number is the number of 

protons plus the number of neutrons and the atomic number is the number of 

protons, you can find the number of neutrons b y simply subtracting the atomic 

number from the mass number. As an example, suppose we have an element with 

an atomic number of 8 and a mass number of 17. From this information you can 

deduce that this element has 8 protons, 8 electrons and 9 neutrons (17 -8=9). Now 

let me throw you a curve ball. As mentioned above, all atoms of a given element 

have the same number of protons (atomic number), however, different atoms of a 

given element may have  different  numbers of neutrons. We say that these are 

different  isotopes  of the element. For example, there are three isotopes of 

hydrogen. The most common isotope comprising 99.98% of all hydrogen atoms has 

a mass number of 1. It therefore is composed of 1 proton, no neutrons, and one 

electron. The other less abundant isotopes of hydrogen have mass numbers of 2 

and 3, respectively. These isotopes differ in the number of neutrons in their nuclei, 

but all three have one proton and one electron. In reality there are naturally 

occurring isotopes of every element, each havin g its own unique mass number. In 

chemical notation the mass number for a given isotope is expressed as a 

superscript preceding the symbol for the element. The three isotopes for hydrogen 

would be expressed as  1H, 2H, and 3H. Since each element is composed of several 

isotopes one question that arises is Ɉwhat is the actual mass of a given element?ɉ 

Again, if you look at the periodic table above you will notice a number in the bottom 

of each box. This is the atomic weight for the element. For example the atom ic 

weight for hydrogen is 1.00794 amu. This number was derived by computing the 

average mass of the 3 isotopes of hydrogen. For example, suppose we had 10 boys 

in our class. If we wanted to know the average weight of the boys we would add 

their individual weights together and then divide the total by 10. This would give us 
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their average weight. This is essentially how atomic weights are determined. 

Since 1H is the most abundant isotope of hydrogen, it makes sense that the atomic 

weight for hydrogen is very close to the atomic mass of  1H. 

 

image created by BYU-I student Hannah Crowder Fall 2013 

 

The image above represents the three isotopes of hydrogen. The most common 

(upper left) has one proton and no neutrons in the nucleus. Deuterium (bottom) 

has one proton and one neutron and Tritium (upper right) has one proton and two 

neutrons.  

 

 

ELECTRON CONFIGURATIONS 

The key factor determining the chemical properties of each element is the 

configuration of its electrons. Likewise, the energy associated with atoms and 

molecules is a function of their electrons. Think of the atom; it has a positively 

charged nucleus with  negatively charged electrons orbiting the nucleus. Just like the 

opposite poles of a magnet, oppositely charged particles attract each other. 
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Because of these attractive forces, it requires energy to pull them apart. In an atom, 

electrons can be moved fur ther away from the nucleus, but only if energy of some 

form is applied. Likewise when electrons move closer to the nucleus energy can be 

released. When I was a kid, we wore fluorescent masks at Halloween. We would 

shine light on them to Ɉchargeɉ the mask and then when the lights were turned off 

they would glow or fluoresce. At the time ϥ didnɅt know how they worked, ϥ just 

knew they were fun. Now I know that the light, which is electromagnetic radiation, 

has energy that can be used to push electrons into or bitals further from the 

nucleus. When the light is turned off, the electrons Ɉfallɉ back down into a lower 

orbital releasing energy, which caused the mask to glow in the dark.  

As was mentioned above, the electrons of the atom are located in  orbitals . From 

our discussion above we learned that the energy associated with the electrons in an 

atom is a function of its position or distance from the nucleus. Therefore, electrons 

in orbitals close to the nucleus posses less energy than electrons in orbitals that ar e 

further away from the nucleus. Another important property of orbitals is that each 

orbital can hold a maximum of 2 electrons. Based on the amount of energy in each 

orbital they are arranged into what are referred to as  electron shells  or  energy 

shells,  which contain one or more orbitals. All of the electrons in a given electron 

shell have the same amount of energy.  

 

To accommodate the electrons in the largest of the naturally occurring elements, 

seven electron shells are required. However, most biological ly important molecules 

are considerably smaller, so we will only be dealing with the first three energy shells 

as we discuss electron configuration. The first shell can only accommodate one 

orbital, thus the maximum number of electrons in the first electro n shell is two. The 

second and third shells each contain four orbitals and can therefore accommodate 

8 electrons each. (For those who have or will take more chemistry, I should point 

out that the third energy shell has more than four orbitals. However, for  reasons 

beyond the scope of this class we can ignore the other orbitals.) One other 

important fact is that as electrons are added to electron shells, they occupy the 

innermost shells first before filling the outer shells. ϥtɅs like parking spaces at 

Walmart; those closest to the store fill first, and once they are filled shoppers have 

no choice but to park in spaces further away. For example, hydrogen has one 

electron which is located in the first (innermost) electron shell. Helium has two 

electrons, both in the first energy shell. All of the space in the first energy shell is 

now filled. Lithium has 3 electrons, two of them are in the first shell and the third 

electron is in the second electron shell. The reason that this is important to know is 

because th e chemical properties of an element are determined by the number 
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of electrons in its outer electron shell . We define the Ɉouter electron shellɉ as the 

last shell that has electrons in it, so for hydrogen, its outer electron shell would be 

the first shell, and for lithium its outer shell would be the second shell. Each of 

these elements has one electron in its outer shell, which means that they will have 

similar chemical properties. So, letɅs try an example. Oxygen has an atomic number 

of 8, which means it h as 8 protons and 8 electrons. How many electrons are there 

in the outer electron shell of oxygen? The first two electrons will go into the first 

shell leaving 6 to go into the second shell. Therefore, the outer electron shell for 

oxygen is the second shell  and it has 6 electrons in it. See if you can determine the 

number of electrons in the outer shell for sodium, carbon, potassium, chloride, and 

neon (see answers at end of chapter).  

 

image created by BYU-I student Hannah Crowder Fall 2013 

 

The image above  represents the electron configuration for carbon. Carbon has an 

atomic number of 6, hence 6 electrons. The first two electrons fill the first shell 

(dark blue) and the next 4 are in the second shell (light blue).  
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CHEMICAL BONDS 

Close examination of the periodic table will show that the atoms of all of the 

elements in the last column of the table (i.e. helium, neon, argon, etc) have 8 

electrons in their outer shells (with the exception of helium), hence their outer 

electron shells  are full. These elements are all gasses and they are all stable, 

meaning that they do not react with other elements. Chemists often refer to the 

Ɉrule of 8ɉ which states that if there are 8 electrons in the outer electron shell, the 

element is stable. The  atoms of all of the other elements have vacancies in their 

outer electron shells and will react with other atoms to fill their outer shells. The 

sections below describe some of the important processes by which atoms become 

stable. The processes that resul t in the filling of the outer electron shells result in 

the formation of chemical bonds. In some cases this involves the formation of 

molecules.  Molecules  are two or more atoms held together by the sharing of 

electrons (described below). Molecules composed  of more than one type of 

element can also be called  compounds . Hence, H2(same element) is a molecule, 

and H 2O (different elements) is both a molecule and a compound.  

 

Ionic Bonds  
To explain how ionic bonds form we will use common table salt, NaCl, as an 

example. Sodium has an atomic number of 11, hence, sodium has one electron in 

its outer electron shell. Chlorine, on the other hand, has an atomic number of 17 

and has 7 electrons in its outer shell. When these two elements react, sodium gives 

the one elect ron in its outer shell to chlorine. Sodium now has 8 electrons in its 

outer shell and is stable. However, the result of losing one electron leaves sodium 

with one more proton than electron and, therefore, it is now an  ion  with an 

electrical charge of +1. A n ion is an atom that has a net + or ɀ charge. Ions that have 

a net positive charge are called  cations . Chlorine picked up one electron and now 

its outer electron shell is also full and in the process has become an ion with a -1 

charge (one more electron t han protons). Ions that have a net negative charge are 

called anions  (think of the term anion as an acronym standing for  an egative ion ). 

The opposite charges on these ions create an attraction that will hold them 

together. We refer to this attraction as an  ionic bond . Figure 3 shows the formation 

of sodium and chloride ions. By changing the electron configuration around these 

two elements, their chemical properties have been drastically changed. We require 

NaCl (Na+and Cl-) for proper function of our bodies  but both sodium and chlorine 

with different electron configurations can be lethal. Chlorine gas, Cl 2, is a deadly 
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poison and elemental sodium (no charge) is a metal that ignites when placed in 

water. This emphasizes the significance of the statement above  that the chemical 

properties of an element are determined by its electron configuration.  

 

It is also important to note that ionic bonds do not form distinct one -to -one 

attractions between ions, so technically ionic bonds do not form molecules. Instead 

they form crystalline structures in which each anion is attracted to all of the cations 

near it and each cation is attracted to all of the anions near it. Even so, you may 

read or hear NaCl being referred to as a molecule/compound.  

 

image created by BYU-I student Hannah Crowder Fall 2013 

 

In the image above, the upper left represents the formation of an ionic bond. 

Sodium gives up one electron and becomes a positively charged sodium ion. In the 

process, its outer electron shell now has 8 electrons. Chlorine gains one electron 

and becomes a negatively charged chloride ion with 8 electrons in its outer shell. 

Upper Right ɁThe negatively charged chloride ions are attracted to the positively 

charged sodium ions, forming an ionic bond. Bottom ɁSodium Chloride crysta l. 

Each sodium ion (purple) is attracted by all of the chloride ions (green) that 

surround it and each chloride ion is attracted by all of the sodium ions that 

surround it.  
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Covalent Bonds  
Another way that atoms can fill their outer electron shells is to sh are electrons. For 

example, hydrogen has an atomic number of 1 and therefore has 1 electron in its 

outer electron shell. To fill this shell, hydrogen needs one more electron (recall that 

the first electron shell will hold a maximum of 2 electrons). One way  of filling this 

shell would be for two hydrogen atoms to unite to form a molecule by sharing 

electrons with each other. This type of bond, formed by sharing electrons is called 

a covalent bond . The chemical shorthand for a covalent bond is simply a dash, 

therefore, the molecule represented in Figure 6 could be expressed as H -H, with 

the dash representing the shared electrons. Note that the equal sharing of 

electrons does not cause either atom to have unequal numbers of electrons and 

protons, hence there is  no net ɀ or + charge. Also, unlike ionic bonds, which form 

crystals, covalent bonds create an intimate relationship between the two atoms, 

that is, these two atoms are linked directly to each other. You could think of ionic 

bonds as a group date or hangin g out and a covalent bond as marriage. The image 

below represents a covalent bond between two hydrogen atoms.  

 

image created by MG Fall 2013 

 

Covalent bonds can also be formed by the sharing of more than one pair of 

electrons. For example, oxygen has an atomic number of 8 with 6 electrons in its 

outer electron shell. Two oxygen atoms will combine to form oxygen gas, O 2, by 

sharing two pair of electrons, thus completing the outer shell of both oxygen 

atoms. We refer to this as a  double covalent bond  and re present it by two dashes, 

O=O, with each dash again representing a pair of shared electrons. It should be 

noted that triple covalent bonds are also possible by sharing three pair of electrons, 

however, in the compounds we will be studying, none have  triple  covalent bonds . 
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Depending on the atoms involved in the covalent bonds, the electrons can either be 

shared equally or the electrons may spend more time with one partner than the 

other, resulting in unequal sharing of electrons. Two molecules are shown in the 

figure below. Methane is the image on the left and is a gas that is composed of one 

carbon and 4 hydrogen atoms. In this molecule the electrons are equally shared 

between the carbon and each hydrogen forming  non -polar covalent bonds . The 

other image on  the right is water. In this molecule, the negatively charged electrons 

are more strongly attracted to the oxygen and hence spend more time with the 

oxygen than with the hydrogen. This creates a molecule that has a slight negative 

charge at one end (the ox ygen end) and a slight positive charge at the other end 

(the hydrogen end). Since the molecule has oppositely charged ends, we refer to 

this type of bond as a  polar covalent bond . Note that the total charge on the 

molecule is 0, but the ends are charged. P olar covalent bonds and ionic bonds are 

similar, in that electrons are pulled away from one atom and pushed towards the 

other. The difference is that with ionic bonds the electrons are completely removed 

from one atom forming the cation and captured by the  other atom forming the 

anion.  

 

image created by BYU-I student Hannah Crowder Fall 2013 
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Hydrogen Bonds  

 

image created by BYU-I student Hannah Crowder Fall 2013 

 

One other interaction of importance in biological systems is called the  hydrogen 

bond . In reality this is not a bond that forms molecules or ionic crystals; rather it is 

an interaction between molecules containing polar covalent bonds. Because of this, 

it is referred to as an  intermolecular force  or an attraction between two 

molecules. Hydrogen bo nds can only occur between molecules containing polar 

covalent bonds and are a result of attractions between the oppositely charged ends 

of these molecules. Note that hydrogen bonds and ionic bonds are similar. The 

difference is that ionic bonds are create d by attractions between oppositely 

charged ions while hydrogen bonds are attractions between oppositely charged 

ends of polar covalent molecules. Although hydrogen bonds are very weak 

compared to the other bonds we have discussed, they play important role s in many 

of the compounds we will be studying in this class. For example, most of the 

important characteristics of water are due to its ability to form hydrogen bonds 

with itself and other polar molecules. Likewise, the complex structures of proteins 

and nucleic acids rely heavily on hydrogen bonding.  
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CHEMICAL CHARACTERISTICS AND 

FUNCTIONS OF WATER IN PHYSIOLOGY 

If someone asked what the most important molecule in your body is, most of us 

would say water. It makes up about 2/3 of our body weight! That is why a wrestler 

trying to Ɉmake weightɉ for a match can drop several pounds simply by sweating off 

water (not a good idea by the way). Whenever there is speculation of life on other 

planets the question always arises, is there water on the planet? W hat is so special 

about water that makes it essential for life? WouldnɅt some other fluid work as well? 

These are some of the questions that we will attempt to answer in this unit.  

Chemical Characteristics of Water  
Recall that the water molecule, H 2O, is held together by  polar covalent bonds . 

Since the oxygen attracts the electrons in the covalent bonds more strongly than 

the hydrogen do, the oxygen end of the molecule has a slight negative charge while 

the hydrogen ends of the molecule have a slight posit ive charge. Also, recall that 

molecules composed of polar covalent bonds can participate in weak interactions 

with other polar molecules called hydrogen bonds. The figure below shows how 

water molecules form hydrogen bonds with each other. Each water molec ule has 

the potential to form a maximum of 4 hydrogen bonds with other water molecules. 

Most of the characteristics of water that we will be talking about are the result of 

the polar nature of the water molecule and its ability to form hydrogen bonds with 

itself and other polar molecules. Remember that hydrogen bonds are very weak 

interactions and can be formed and broken relatively easily. However, as with all 

bonds, energy is required to break bonds and energy is released when new bonds 

are formed. It is the number of these bonds that determines the physical state of 

the water. For example, in the solid state, each water molecule forms hydrogen 

bonds with four other molecules, resulting in the formation of a stable, crystal 

structure, known as ice. In the liquid state, each water molecule forms fewer than 

four bonds (on average 3.4), which are continually rearranging. Water becomes 

steam when there is enough energy to break all of the hydrogen bonds between 

water molecules and they can escape in the form of  a gas. 
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The image above shows hydrogen bonds between water molecules.  

 

Stabilizing Body Temperature  
The amount of energy in the form of heat that must be added to or taken from a 

substance in order  to change its temperature is called the  heat capacity  of the 

substance. Water has a very high heat capacity. It requires one calorie of energy to 

raise the temperature of one gram of water one degree Celsius. In fact, we define 

the calorie as based on the  heat capacity of water (One calorie is the amount of 

heat energy necessary to raise the temperature of 1 gram of water 1° Celsius. Note: 

when reporting the calorie content of food, calorie is written with a capital C. These 

Ɉbigɉ calories are actually kilocalories or 1000 calories). Likewise, 1 calorie of energy 

must be taken away from water to lower the temperature of 1 gram of water by 1° 

Celsius. Compare this to the heat capacity of air, which is 0.24 calories per gram. 

This high heat capacity is due to  the hydrogen bonds between the water molecules. 

Temperature is a measure of the total kinetic energy (motion) of a material. Before 

the water molecules can start moving faster, the hydrogen bonds between the 

molecules must be broken, which requires the in put of energy. Therefore, much of 

the energy (heat) is used to break the bonds rather than increasing the 

temperature (movement) of the water molecules. By the same token, when heat is 

removed and the water molecules begin to slow down, new hydrogen bonds form 

releasing energy, which helps prevent a big drop in temperature. Since the human 

body is about 2/3 water, this helps prevent rapid changes in body temperature.  
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Another property of water that helps stabilize body temperature is its high  heat of 

vaporiz ation . This means that in order to convert water from a liquid to a gas, it 

requires the input of relatively large amounts of energy to increase the movement 

of the water molecules enough for them to break free from the water molecules 

around them. As thes e water molecules move faster and faster they eventually will 

have enough energy to completely break away from the liquid and will be 

converted to a gas (water vapor). When the fastest moving molecules break free, 

their kinetic energy goes with them, remov ing heat. This is the basis for the cooling 

effect of the evaporation of sweat from our skin.  

 

Adhesion, Cohesion and Lubrication  
Water is able to stick to other polar substances. This property is referred to 

as adhesion . An excellent example of the import ance of this property in the body 

involves the lungs. A thin layer of water between the outer surface of the lungs and 

the walls of the thoracic cavity Ɉgluesɉ the lungs to the walls and prevents them 

from collapsing.  Cohesion  is the sticking together of water molecules. This property 

prevents the blood from separating as it moves through the blood vessels. Finally, 

water can act as a lubricant and is found in areas of the body where structures are 

required to slide past each other. For example, synovial j oints (knee, shoulder, 

ankle, etc.) have a thin layer of water (synovial fluid) between the opposing 

structures, allowing them to easily slide past one another as the joint moves.  

 

Chemical Reactions  
All of the thousands of chemical reactions taking place in our bodies require water. 

This is because in order to react, the chemicals must be in a watery solution. Also, 

water participates directly in many of the important reactions taking place in the 

body.  
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WATER AND AQUEOUS SOLUTIONS 

As mentioned above , before chemicals can react in chemical reactions they must be 

in solution. As it turns out, water is an excellent solvent. A  solvent  is a dissolving 

agent and is the liquid portion of a solution. The molecules that dissolve in the 

solvent are called the  solutes . Therefore, in a solution of salt (NaCl) and water, the 

water is the solvent and the sodium and chloride are the solutes. A solution in 

which water is the solvent is called an  aqueous solution . Although water is an 

excellent solvent, not everything  dissolves readily in water. Materials that dissolve 

well in water are said to be  hydrophilic  (hydro - = water; -phil - = love) and those 

that do not dissolve readily are said to be  hydrophobic  (phobia = fear). Usually if 

we know the chemical nature of a sol ute we can predict how readily it will dissolve 

in water. For example, compounds that are bound together by ionic bonds tend to 

be hydrophilic and dissolve readily. The link below shows an animation of an ionic 

compound dissolving in water. The secret is t he ability of the polar water molecules 

to surround the ions and pull them out of the crystal. When the ions are pulled 

apart in this manner we say the compound has become dissociated or ionized and 

the ions in the solution are referred to as  electrolytes . Important electrolytes in 

our body fluids include: Na +, K+, Ca2+, Cl-, HCO3
-, H+, and Mg 2+. These ions participate 

in many important physiological process such as nerve impulse conduction, muscle 

contraction, and regulating water balance, to name a few.  

http://www.mhhe.com/physsci/chemistry/essentialchemistry/flash/molvie1.swf  

In addition to ionic compounds, compounds bound together with polar covalent 

bonds also tend to be hydrophilic as well. However, when polar covalent molecules 

dissolve in water, they do not ionize or separate into smaller particles like ionic 

compounds do. Sucrose or table sugar (C 12H22O11) is a good example of a polar 

compound that readily dissolves in water, forming an aqueous solution.  

Compounds bound together with non -polar covalent bonds tend to be hydrophobic 

and do not dissolve readily in water. This is because there are no charged or polar 

parts to interact with the polar wate r molecules. Fats and oils are good examples of 

compounds that are hydrophobic.  

One of the most important structures in the cells of our bodies is the biological 

membrane. These membranes are stabilized by the hydrophobic and hydrophilic 

interactions of so me special compounds that we will study later.  

  

http://www.mhhe.com/physsci/chemistry/essentialchemistry/flash/molvie1.swf
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Solute Concentration  
It is often important to know the concentration of the solute in a solution. Some 

common ways of expressing concentration are straightforward. For example, the 

normal fasting glucose concentration in the blood is approximately 90 mg glucose 

per 100 ml of blood. This would be written as 90 mg/dl (dl stands for deciliter or 

1/10 of a liter). Another fairly simple method is to express the concentration of the 

solute as a  percent solution . This method expresses the concentration as grams of 

solute per 100 ml of solvent. For example normal concentration of NaCl in the 

blood is 0.9%. This means that there are 0.9 g of NaCl per 100 ml of blood plasma. 

Both of these methods are fairly easy to v isualize. However, they are not very 

precise. A less obvious but more precise method is to express the concentration as 

the  molarity  of the solution. LetɅs see if we can walk through what this means. First 

of all, the term molarity means  moles  of solute per liter of solution. So, the next 

question is what the heck is a mole?  

 

To begin with, a mole is a unit of measurement. In order to understand what is 

meant by Ɉunit of measure, letɅs start with something you are familiar with; the 

dozen. We are tempted to ask, where in the world did that word come from and 

why does it signify the value of 12? The value of 12 is a unique number because of 

the early observations of the cycles of the moon, which then led to the proposed 12 

month cycle of a year. After a gra dual shorting of the Latin word for twelve, 

duodecim, the English derivation of this word became the word dozen Ɂa grouped 

quantity, signifying the value of twelve. Why group things? For starters, it is easier to 

go to the store and buy 12 dozen eggs than i t is to individually count out 144 eggs. 

Units of measurements allow us to conveniently talk about large numbers at an 

understandable level. The concept of unit measurement is absolutely essential 

when it comes to counting atoms.  

 

Since it is nearly imposs ible for us to measure 12 atoms, we need to use an 

understandable unit of measurement.   A universally recognized unit of 

measurement for atoms (or molecules) is the mole (abbreviated mol). Just like 1 

dozen is equivalent to 12, it has been determined that one mole is equivalent to 

6.02 X 1023 atoms. The number is called Avogadros number and is named after the 

famous scientist, Amedeo Avogadro (1776 -1856). Just how big is a mole? If we were 

to go to a store and buy a bunch of eggs equivalent to the number of  molecules in a 

mole, we could fill the volume of the earth approximately 40 times! Thankfully, 

molecules are much smaller than eggs; in fact a mole of sucrose (table sugar) 

weighs only 342 grams and would barely fill the volume of a tennis ball. The 
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diffe rence, of course, is the size of the atoms that make up the sucrose molecule. 

So how did we determine that 342 grams of sucrose contain AvogadroɅs number of 

molecules? First we need to determine the  molecular mass  of sucrose. To do this, 

we take the atomic  mass of each atom in the compound and add them together; 

easy right? For example, the formula for sucrose is C 12H22O11. The atomic mass of 

carbon is 12 and there are 12 carbon atoms in sucrose so 12 x 12 = 144 . The 

atomic mass of hydrogen is 1 and there are 22 hydrogen atoms in sucrose so 22 x 1 

= 22. Finally, the atomic mass of oxygen is 16 and there are 11 oxygen atoms in 

sucrose so 11 x 16 = 176. Adding these together we get 144 + 22 + 176 = 342, 

therefore the molecular mass of sucrose is 342 (we have rounded the atomic 

masses to the nearest whole number to make the computations easier).  The units 

for this weight are atomic mass units (amu), therefore, one  sucrose molecule 

weighs 342 amu. This is much too small of a mass to weigh out on any existing 

scale (recall that one amu is approximately the mass of a proton or a neutron). 

However, we can easily weight out 342 g of sucrose. The amu total for a molecule 

expressed in grams is equal to one mole of that molecule. If we take that amount of 

sucrose (342 g) and add water until we have one liter of solution we will have a one 

Molar solution of sucrose. So in a one molar solution of sucrose we have 342 g or 1 

mole or 6.02 x 10 23 molecules in one liter of solution. The advantage of expressing 

concentrations in  molarity is that it is an expression that lets us compare the 

number of molecules in the solutions. For example, a one molar solution of sucrose 

(molecular mass = 342) and a one molar solution of glucose (molecular mass = 180) 

will have exactly the same n umber of molecules per liter of solution even though 

the molecules are different in size.  

 

One other expression of concentration that is often useful in physiology 

is Osmolarity , which as you can probably guess is  Osmoles  per liter. This is a lot 

like mola rity except that molarity is 6.02 x 10 23  molecules per liter, whereas 

osmolarity is 6.02 x 10 23 particles per liter. It may seem like these are the same 

thing, i.e. molecules = particles, however, if a solute dissociates (comes apart) when 

dissolved, you end up with more than one particle per molecule. Take NaCl (salt) for 

example. When you dissolve one mole of salt in water, each molecule splits in two 

so you end up with 2 x (6.02 x 10 23 particles) in the solution. Hence, a one molar 

NaCl solution would b e a two Osmolar NaCl solution. This will take on more 

significance when we talk about osmosis later in the course.  
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 Questions:  
1. How would you prepare a 5% solution of glucose?  
2. How would you prepare a 0.5 M solution of glucose? (molecular weight of glucose  is 180 

amu)  

3. What is the osmolarity of a .15 Molar solution of NaCl?  

4. How many grams of glucose are there in 0.1 moles of glucose?  

 

Link to answers to Solute Concentration Problems   

 

 

 

ACIDS, BASES, PH AND BUFFERS 

Recall that the bonds that bind the oxygen and hydrogen together in water are 

polar covalent bonds and that covalent compounds typically do not dissociate.  

However, the polarity of water allows it to form hydrogen bonds with other water 

molecules in which the negative (oxygen) end of one water molecule is attracted to 

the positive (hydrogen) end of another water molecule. Although this is a weak 

attraction, occasionally the oxygen of one water molecule is able to steal the 

hydrogen from another water molecule, splitting the water molecules into ions. 

When this happens it results in the formation of a  hydrogen ion (H +) and 

a hydroxide ion (OH -). Realize that in pure water, only a very, very few water 

molecules split Ɂabout 1 out of every 554,000,000 (who counted?). We can write the 

equation for this process like this:  

 

H2O <-- --> H+ + OH- 

 

Note that as with all chemical reactions, the reactants and products are  in 

equilibrium and if that equilibrium is disturbed, the reaction will proceed until a 

new equilibrium is reached; hence the two headed arrow in the equation (< -- -->). 

Acids and Bases 
In pure water at 25 o C, the concentration of H + is always equal to the  concentration 

of OH -. Both have a concentration of 1.0 x 10 -7 Molar. (Placing the symbol for a 

chemical in brackets [H +] is chemical shorthand for Ɉconcentration ofɉ, therefore 

[H+] is read Ɉthe concentration of hydrogen ionɉ). ϥf we add a substance that results 

in an increase in [H +] we say that substance is an  acid . If we add a substance that 

https://content.byui.edu/file/a236934c-3c60-4fe9-90aa-d343b3e3a640/1/module2/readings/answers_to_concentration.html
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results in a decrease in [H +], we say that substance is a  base . An acid is any 

substance that when added to, an aqueous solution increases the [H +] of the 

solution and a base is any substance that when added to, an aqueous solution 

decreases the [H +] of the solution. A common acid, for example is hydrochloric acid, 

HCl. When HCl reacts with water it dissociates into a H + and a chloride ion (Cl -) thus 

increasing the [ H+]. HCl is considered a strong acid because when placed in water it 

completely dissociates into its two ions.  

HCl --> H+ + Cl- 

A weak acid, such as acetic acid  (CH3COOH) dissociates into H + and CH3COO-, 

however, most remain as acetic acid and there is a c hemical equilibrium between 

the CH3COOH and the H + + CH3COO-. 

 

CH3COOH <-- --> H+ + CH3COO- 

 

An example of a base is ammonia (NH 3), which will combine with H + to form an 

ammonium ion (NH 4
+), thus removing H +from the solution.  

 

NH3 + H+ --> NH4
+ 

 

Another common base is sodium hydroxide (NaOH). How is this a base? When it 

dissolves it dissociates into a sodium ion (Na +) and OH-, no change in [H +], right? 

However, the OH - will combine with H + to form water, thus removing H + from the 

solution.  

 

NaOH --> Na+ + OH- 

H+ + OH- --> H2O 

 

pH 
Why do we care about the [H +] anyway? What is special about this particular ion? 

Well, it turns out that either too much or too little H + can cause us serious 

problems. If the [H +] is too low it causes an excitation of the nervous  system, 

resulting in constant contraction of our muscles, including the respiratory muscles, 

and that is a problem. On the other hand, if the [H +] is too high it can result in 

depression of the nervous system, leading to coma. We use the terms acidic and 

basic to describe these conditions. If the [H +] of the solution is greater than 1.0 x 10 -

7, we say the solution is  acidic,  and if the [H +] is less than 1.0 X 10 -7, we say that the 

solution is  basic . 
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Because the [H +] is so important and because it is rathe r cumbersome to say things 

like, Ɉthe [H+] of the fluid is 1.0 X 10 -7Molar,ɉ chemists have developed a shorthand 

to express the [H +]. This shorthand expresses the [H +] as the  pH  of the solution. The 

pH of a solution is the  negative logarithm of the [H +] (concentration expressed as 

moles per liter, M). So, if the [H +] is 1.0 x 10-7 M the pH of that solution would be 7 ( -

log 10 -7 is ɀ(-7) or 7). Since this is the pH in which the [H +] and [OH -] are equal we 

say that this is a  neutral solution . One thing that i s a little confusing when we use 

pH is that as the [H +] of a solution goes up, the pH goes down. Suppose that a 

solution has a [H +] of 1.0 X 10-6 M, the pH of the solution would be 6 and the [H +] 

would be 10 times  greater than a solution of pH 7. Thus, an  acidic solution  is any 

solution with a pH<7. Likewise, any solution that has a pH>7 is a basic solution. 

Here is an image that shows the pH of some common solutions.  

 

 

Downloaded from Wikimedia Commons Fall 2014; Author: OpenStax College; License: Creative Commons Attribution 3.0 Unported 

license. 
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So, two important lessons from this, the lower the pH the higher the [H +] and a 

change in pH of one unit, 7 to 6 for example, is a 10 fold change in [H +]. Just for 

reference, the normal pH of our blood is slightl y basic, 7.4 (range = 7.35 ɀ 7.45). If 

the pH of the blood rises above 7.45 the person is in a state of  alkalosis  (not 

enough H +) and if it drops below 7.35, the person is in a state of  acidosis  (too much 

H+). In mammals, the pH range of the blood that is considered to be compatible 

with life is from 6.8 to 7.8. A pH above or below these values usually results in 

death.  

 

Buffers  
Because it is absolutely essential that blood pH be maintained within the narrow 

range, the body has several mechanisms to regulat e the H + concentration of the 

blood. One important defense employed by the body is the various  buffer 

systems . Buffers are chemicals that tend to  resist changes in pH. Note that buffers 

do not  prevent changes, they  resist changes. LetɅs see if we can figure out how this 

works.  

 

A typical buffer system is composed of a weak acid and the conjugate base of that 

acid. Remember, weak acids are those that do not dissociate completely but reach 

an equilibrium between the reactants and the products of the reac tion. An 

important buffer system in our blood is the bicarbonate buffer system. The 

components of this system are shown below.  

H 2CO3  <-- -->  H +  +   HCO3
- 

Carbonic Acid             Hydrogen Ion    Bicarbonate Ion  

 

In this case, the carbonic acid is the weak acid and the bicarbonate ion is its 

conjugate base. The entire reaction is in equilibrium. If the equilibrium is disrupted 

by the addition of more hydrogen ions, the reaction will proceed to the left until 

equili brium is restored. When it proceeds to the left, some of the excess hydrogen 

ions will combine with bicarbonate forming carbonic acid, hence removing some of 

the excess hydrogen ions from the solution. Essentially, the buffer has Ɉsoaked upɉ 

some of the ex tra hydrogen ions, thus preventing a large change in pH. Another 

way of thinking of this system is to assume it behaves like a teeter -totter. If we have 

equal weights on each side, the teeter -totter is balanced (in equilibrium). If we add 

excess weight to one side (excess hydrogen ions), it will be out of balance. The only 
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way to restore balance (equilibrium) is to move some of the excess weight to the 

opposite side until the teeter -totter is balanced again (equilibrium restored). 

Obviously, in this simple example, we realize that we cannot move all of the added 

weight to the opposite side because it would again be out of balance, but if some of 

the excess weight is moved to the other side, balance can be restored. Like the 

teeter -totter, when extra hydrogen  ions are added, not all can be combined with 

bicarbonate, so there will still be a few more hydrogen ions than at the beginning 

(This is why buffers  resist pH changes instead of  prevent changes in pH). The pH will 

decrease, but not nearly as much as it would have if all added hydrogen ions were 

allowed to remain without being buffered. We could use the same analogy to see 

what happens when hydrogen ions are removed from the solution by the addition 

of a base. Since the equation is again out of equilibriu m, the reaction will proceed, 

this time to the right until some of the hydrogen ions have been replaced. Again, 

there will be a slight increase in pH, but not nearly as great as would happen in the 

absence of the buffer.  

  



43 
 

aƻŘǳƭŜ оΥ hǊƎŀƴƛŎ /ƘŜƳƛǎǘǊȅ 
 

CARBOHYDRATES 

There are roughly 92 naturally occurring elements on earth, but interestingly, only 4 

(oxygen, carbon, hydrogen and nitrogen) make about 96% of the mass of the 

human body. These elements combine to form life -sustaining biomolecules, which 

can be divided into four groups: carbohydrates, lipids, proteins, and nucleic acids. 

Carbohydrates, proteins, and lipids are used by cells as the building blocks for cells 

or for energy, while nucleic acids are the basis of the genetic material. 

Carbohydrates  are the most abundant of the biomolecules. Each year the earth 

converts more than 100 billion metric tons of CO 2 and H 2O into carbohydrates. If 

we were to identify the most important carbohydrate molecule on the planet, in 

terms of its ability to sustain life, we would undoubtedly select the monosaccharide 

glucose. Without glucose, nearly all animal life as we know it could not exist.  

 

There are three major classes of carbohydrates; monosaccharides, 

disaccharides,  and polysaccharides . This classification i s based on how many 

"subunits make up the molecule. The name "saccharide" is derived from the Greek, 

meaning sugar. Monosaccharides are the simplest form of carbohydrates and are 

composed of a single molecule or subunit. The disaccharides are composed of t wo 

monosaccharides linked together, and polysaccharides are composed of 3 or more 

monosaccharides linked together. We will now examine each of these types of 

carbohydrates.  

 

MONOSACCHARIDES 
The monosaccharides (mono = one, saccharide = sugar) are the basic  subunits of 

carbohydrates. They contain from 3 to 7 carbons and have the general formula of 

(CH2O)n where n ranges from 3 to 7 (5 or 6 being the most common). For example, 

if n = 6, the formula for the monosaccharide would be C 6H12O6 and if n = 5 the 

form ula would be C 5H10O5.Hopefully, it is obvious that the monosaccharides 

contain a significant amount of oxygen, one for every carbon in the molecule. 

Carbohydrates have the highest oxygen to carbon ratio of any of the important 

organic molecules. Common mon osaccharides include:  glucose, fructose, 
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galactose, ribose, and deoxyribose . Notice that the name of each of these sugars 

ends with the suffix -ose. This suffix, -ose, means full, specifically, full of oxygen. The 

names of most all sugars will end with thi s suffix.  

 

The structures of three common monosaccharides are shown in the figure below. 

Note that the molecules can exist in two different forms. When they are in a dry or 

powdered state, they exist as a linear molecule (top), but when dissolved in water 

they adopt a ringed form with oxygen being one of the members of the ring 

(bottom). Since all of the molecules in our bodies exist as aqueous solutions, the 

ringed form is how we find monosaccharides in the body. Note also that all three of 

these compounds  have 6 carbons, hence, they have the same molecular formula, 

C6H12O6. However, their structural formulas are different (see figure below). 

Molecules that have the same molecular formula but different structural formulas 

are known as isomers. Even though t hey each have 6 carbons, 12 hydrogens, and 6 

oxygens, they have very different biological actions because of their different 

structural forms. For example, there are specific carriers that can bring glucose into 

the cell but do not transport fructose.  

 

Glucose, also called dextrose, is the predominant sugar in our blood. When we 

speak of blood sugar levels we are really talking about blood glucose levels. We get 

glucose primarily from the digestion of disaccharides and polysaccharides. Once 

these carbohydra tes are broken down to glucose in the small intestine the glucose 

is absorbed into the blood and transported to the various organs of the body. 

There, it can be metabolized by the tissues to provide fuel for cellular metabolism, 

or, if it is not immediatel y needed for metabolism, it can be stored as glycogen 

(more about this complex carbohydrate later) in the liver and muscle or converted 

to triglycerides (fat) and stored in the fat cells. When the levels of glucose in the 

blood become low (like they do on fast Sunday), glycogen in the liver can be broken 

down to release the glucose into the blood, or the body can actually make new 

glucose molecules from proteins in a process called gluconeogenesis.  

 

Other monosaccharides we need to be aware of are fructose and galactose (6 

carbon sugars or  hexoses ), which are the subunits of the important disaccharides. 

Also, ribose and deoxyribose (5 carbon sugars or  pentoses ) which are important 

components of nucleic acids.  
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Image created by MG, 2013 

 

The image above show s linear and ring structures of three common 

monosaccharides. All have the same molecular formula (C 6H12O6), but they have 

different structures (red) and are therefore isomers of each other.  

 

DISACCHARIDES 
Disaccharides  (Di = 2, saccharide = sugar) are for med when two monosaccharide 

molecues are linked together. As shown in the figure below, when the two 

monosaccharides are linked together, one of the products of the reaction is water. 

Because water is removed to link the subunits together, the reaction is called 

a dehydration synthesis  reaction . This is a common type of synthesis reaction 

that we will see again when we learn about the formation of lipids and proteins.  

 

Image created by MG, 2013 

 

Dehydration synthesis reaction combines two monosaccharides (glucose) to create 

a disaccharide (maltose).  

There are three important disacchrides that we will discuss;  sucrose, lactose, and 

maltose . In all three of these disaccharides, glucose is one of the monosacchrides 
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that make them up. The figure below shows th e structure of these disaccharides 

and Table 1 outlines their characteristics.  

 

Image created by MG, 2013 

The image above shows the structures of the three common disaccharides. All 

contain glucose as one of their subunits, the difference between the thre e is the 

second subunit.  

Table 1. Characteristics of three common disaccharides.  

Name Combined Monosaccharides  Nutritional Information  

Sucrose Glucose + Fructose The most common dietary disaccharide. Naturally 

found in beet and cane sugar, brown sugar, maple 

syrup, and honey. You know it as table sugar.  

Lactose Glucose + Galactose Found in dairy products. This is the least sweet of the 

disaccharides.  

Maltose  Glucose + Glucose Found in foods including breakfast cereals, germinating 

seeds, and beer.  

 

Only monosaccharides can be absorbed from the digestive tract into the blood, 

therefore, in order to enter the body, disaccharides must first be digested into their 
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monosaccharide subunits. In the small intestine are specific enzymes for each of 

these:  sucrase  to digest sucrose,  lactase  to digest lactose, and  maltase  to digest 

maltose. The reaction for digestion is essentially the reverse of the dehydration 

synthesis reaction, i.e. water is added back into the bond to break it. This type of 

reaction is called a hydrolysis reaction . The figure below shows an example of a 

hydrolysis reaction. Because disaccharides are easily digested and quickly absorbed 

into the blood, they, along with the monosaccharides, are often referred to as 

the  simple sugars . 

 

Image created by BYU-I Student Hannah Crowder, 2013 

 

The image above shows a hydrolysis reaction. Bonds between the monomers in a 

polymer can be broken by the enzymatic addition of water to the bonds.  

You may know someone who is lactose intolerant, or you may  be lactose intolerant 

yourself. Most mammals do not consume milk once they are adults and no longer 

need the enzyme to digest lactose, hence the body stops making the enzyme. If 

lactose is not broken down into its monosaccharide subunits it cannot be abso rbed 

and passes into the large intestine. The bacteria that live in the large intestine love 

lactose and start eating it. Unfortunately, when they eat a lot of lactose they 

produce a lot of gas. Also, the lactose pulls water into the large intestine with i t by 

osmosis. Symptoms of lactose intolerance include abdominal bloating, diarrhea, 

abdominal cramps, flatulence (gas), and nausea. The symptoms are due to 

undigested lactose moving into the large intestine. World -wide, about 75% of the 

adult population ex periences some degree of lactose intolerance, however, the 

incidence differs greatly from country to country (see figure below). Typically, 

northern Europeans and their descendants have the lowest incidence, mainly due 

to the fact that in their culture, ca ttle and goats were domesticated long ago and 

the milk products from these animals remains an important source of nutrition. 

Although not depicted on the maps, the Masai tribesmen of Eastern Africa also 
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exhibit a low incidence of lactose intolerance, also attributed to their tradition of 

raising cattle and goats for the milk products.  

 

Worldwide incidence of lactose intolerance. Image downloaded from Wikimedia Commons Dec, 2013: Author: NmiPortal; Site: 

https://commons.wikimedia.org/wiki/File:Worldwide_prevalence_of_lactose_intolerance_in_recent_populations.jpg; License:Creative 

Commons Attribution-Share Alike 3.0 Unported 

 

POLYSACCHARIDES 
Polysaccharides are long chains of monosaccharide subunits linked together 

through dehydration synthesis reactions. The se chains may number from as few as 

three subunits to thousands. The polysaccharides are what we refer to as  complex 

carbohydrates . Based on their function, polysaccharides can be classified as either 

storage molecules, or structural molecules. Storage pol ysaccharides include starch 

and glucogen.  Starch  is a large polymer of glucose subunits and is the storage form 

of glucose in plants. Sources include seeds, grains, corn, beans, potatoes, and rice.  

There are actually two types of starch: amylose and amylop ectin.  Amylose  is a long, 

unbranched, chain of glucose subunits.  Amylopectin,  on the other hand has a 

branched structure (see figure below). It is the proportion of each form of starch in 

a particular food that determines the food's ability to be digested.  Foods with a 

large amount of amylopectin are digested and absorb rapidly, while foods that have 

higher levels of amylose break down at a slower rate.  

Glycogen  is the storage form of carbohydrate in animals. Glycogen, like starch, is a 

polymer of glucose s ubunits. It is similar in structure to amylopectin but it is even 
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more highly branched. We store glycogen primarily in our livers and skeletal 

muscles. The glycogen in skeletal muscle can be depleted with as little as 1 hour of 

vigorus exercise. On the oth er hand, during a fast, liver glycogen will last 12 -24 

hours. That shaky feeling you get at the end of your fast on Fast Sunday is largely 

due to a depletion of your glycogen stores.  

 

Image created by MG, 2013 

The image above shows branching in a polysaccharide molecule.  

  

Image created by BYU-I student Hannah Crowder, 2013 

This image above shows different degrees of branching in Amylose, Amy lopectin, 

and Glycogen.  
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Image created by BYU-I student Hannah Crowder, 2013 

Another figure depicting the levels of branching in Starch, Glycogen, and Cellulose.  

The branched structure of glycogen allows for easy breakdown by enzymes in the 

body to release the glucose so that it can be utilized for energy. Glycogen stored in 

the muscle provides energy requ ired by the muscle for exercise, especially high -

intensity and endurance activities. Glycogen stored in the liver is utilized to provide 

other tissues with energy, such as the neurons in the nervous system.  

An important structural polysaccharide is  cellulo se. Cellulose is an important 

structural molecule in plants, and provides  fiber  that we need in our diets. 

Cellulose is a polymer of glucose. However, unlike starches and glycogen, we do not 

have the enzymes to digest cellulose. This is due to a difference  in the configuration 

of the bonds between the glucose monomers (see figure below). Cellulose forms 

the structural components of plant cell walls. It is especially plentiful in leafy 

vegetables and in whole grains. Although we cannot digest cellulose for e nergy, it 

provides bulk to the stool and may reduce the risk of some diseases like diverticular 
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disease and colon cancer.  

 

 

 

Image created by MG, 2013 

 

The image above shows bonding of glucose monomers in cellulose. Note that the 

configuration is differen t than in starch and glycogen (see figure above). We do not 

have enzymes to digest the bonds in cellulose.  

 

Image created by BYU-I student Hannah Crowder, 2013 
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HEALTH NOTE 
It is safe to say that carbohydrates are an important part of a healthy diet, altho ugh 

some carbohydrates are better than others. When we consume simple sugars, they 

are quickly absorbed and blood sugar levels rise rapidly. This, in turn, results in 

secretion of large amounts of insulin followed by a rapid drop in blood sugar. This 

is probably not ideal. Indeed, a recent study 1 reported that consuming just one 

sugary soft drink per day increased the risk of developing coronary heart disease by 

20% in men. Consumption of sugar laden soft drinks has also been shown to 

increase the incidence  of obesity which increases the risk of type 2 diabetes. 

Complex carbohydrates found in whole grains, on the other hand, tend to offer 

positive health benefits.  

 

One current topic of intense interest is the question of high -fructose corn syrup. 

High-fructose corn syrup is produced from corn starch which is a polymer of 

glucose. The starch is hydrolyzed to separate the glucose monomers and then 

chemically treated to convert some of the glucose to fructose. Most high -fructose 

corn syrup is 55% fruc tose and 45% glucose. Fructose is handled by the body 

differently than glucose. Whereas glucose can enter nearly all cells of the body 

(some cells need a little help from insulin to take up glucose), fructose is 

metabolized almost exclusively by the liver.  There seems to be mounting evidence 

that high -fructose corn syrup may be bad for us. In a recent study in rats comparing 

high -fructose corn syrup with sucrose, rats consuming high -fructose corn syrup had 

greater weight gain, increased amounts of visceral fat (the fat around our 

abdominal organs), and an increase in the levels of circulating 

triglycerides 2 (triglycerides are the main component of the fat in our adipose cells). 

Although there are those that still argue that high -fructose corn syrup is no wor se 

for you than sucrose, the growing body of evidence seems to suggest differently. 

So, next time you sit down with a nice cold glass of Sprite, think about what you 

might be doing to your body.  
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LIPIDS 

In the Arctic region of the northern hemisphere is a group of people that make up 

the Inuit culture. The Inuit people have tragically adopted much of the American 

diet that we indulge in (fast food, sugary drinks, processed meals, etc.). As a result, 

the Inuit incidence of diabetes and cardiovascular disease is rising dramatically. 

Inuit natives who adhere to the traditional diet of marine mammals, fish, with some 

berries and greens, ar e not demonstrating the startling trend of metabolic disease.  

Some call this the Inuit Paradox. The paradox refers to the fact that traditional Inuit 

diets consist of large amounts of fat. Whale fat, seal fat, caribou fat, and other small 

animal fat is reg ularly consumed as a staple. In fact, the daily fat consumption is 

nearly two times the recommended daily allowance published by the health and 

nutrition experts in our government. So, why can the Inuit people exist on double 

the recommended dose of fat in take and actually decrease their incidence of 

cardiovascular disease and diabetes? This would seem to be a paradox.  

There must be more to the unhealthy American diet than the amount of fat 

consumed. It appears that the type of fat consumed is at least as i mportant as the 

quantity. Have you heard people talk about saturated and unsaturated fat, or 

vegetable oil and animal fat? Have you heard anything about omega 3 oils and 

omega 6 oils? What about trans fats and cholesterol? It seems that not all fat and 

oils are the same. Perhaps the types, mixtures, and ratios of fat and oils found in 

the traditional Inuit diet can help explain the health benefits enjoyed by traditional 

Inuit natives. Much is being printed these days about the types of fat we eat and 

how to  choose them wisely.  

Science is taking a closer look at other traditional diets as well. Have you heard the 

hype about the heart protective effects of the Mediterranean diet? Some feel that 

the types of oils and fats found in this part of the world may hav e heart protective 

effects. You will likely hear and read more on the topics of fats and oils in years to 

come. In order for you to be a literate consumer of this information, it will be 

important that you know your fats. This section will teach about the different types 

of lipids. You will learn some of the basic chemical properties and categorizations 

for oils and fats.  

THE NATURE OF LIPIDS 
The lipids include a vast array of naturally occurring organic molecules. Lipid 

molecules give us fats, oils, waxes,  cholesterol, cell membranes, some pigments, 

some vitamins, and many other important compounds. Among the many types of 
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lipids, the terms "fat" and "oil" are probably the most familiar.  Fats  are generally 

solid at room temperature while  Oils  are a liquid.  

 

Lipid of any type contains the same structural elements as carbohydrates (Carbon, 

Hydrogen, and Oxygen). However, in lipids, the ratio of hydrogen to oxygen is 

considerably greater. For example, the common lipid, stearin, has as many as 18 

hydrogen atoms for every oxygen (see figure below).  

 

Image created by JS at BYU-I; 2014 

 

Line drawings of a glucose and stearin molecule. Stearin is a triglyceride saturated fat that is 

commonly found in animal products.  

 

The many carbon -hydrogen bonds in a lipid are referred to as a " hydrocarbon 

chain. " Hydrocarbon chains are nonpolar, so do not interact well with polar 

substances like water. This is why we often say that "oil and water do not mix".  

 

TRIGLYCERIDES 
Triglycerides  (also called triacylglycerols) constitut e the major form of fat stored in 

plants and animals. Over 90% of our dietary fat exists as triglycerides and over 90% 

of the fat in a human body resides as triglycerides in adipose tissue below our skin. 

It is this stored fat that helps cushion and insula te the body. It is also this stored fat 

that can become excessive and contribute to the many problems of obesity.  

Triglycerides are composed of two molecular building blocks -glycerol and fatty acid. 

As seen in the figure below, a glycerol molecule is conne cted to three fatty 
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acids. Fatty acids  are hydrocarbon chains with a " -COOH" group at one end. It is 

the fact that the " -COOH" group can lose the hydrogen as an H+ that gives the 

characteristic of an "acid" to these hydrocarbon chains. Each fatty acid bond s to the 

glycerol through a dehydration synthesis reaction. Note that the glycerol is always 

the same, while the fatty acid chains can vary in length as well as the number and 

type of double bonds.  

 

Image created by JS at BYU-I; 2014 

 

A triglyceride is formed by the bonding of 3 fatty acid molecules to a glycerol 

molecule. This bonding occurs through a dehydration synthesis reaction.  

Fatty acid chains with no double bonds are referred to as saturated. This means 

that every carbon -carbon bond in the chain  is a single bond, which allows the 
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linking of 2 hydrogen atoms to every carbon in the chain and 3 hydrogen atoms 

bonded to the last carbon.  

If a double bond occurs between two carbons in the hydrocarbon chain, then the 

carbon atoms connected by a double b ond will each bond with one less hydrogen 

atom in order to maintain 4 bonds per carbon atom. We could say that because of 

the double bond, the fatty acid hydrocarbon chain is no longer "saturated" with 

hydrogen atoms at every carbon. Therefore, an unsatura ted fatty acid will contain 

one or more double bonds (see the image below). A fatty acid with one double 

bond is referred to as a  monounsaturated fat,  and fatty acids with two or more 

double bonds are  polyunsaturated fats . All lipid containing foods have a  specific 

mixture of saturated and unsaturated fatty acids. Saturated fatty acids tend to be 

straight and do not have "kinks" or angles that would make "packing" or "stacking" 

together more difficult. The more tightly packed molecules of fat become, they a re 

more likely to be a solid at room temperature. Unsaturated fats can have either 

"cis" or "trans" double bonds in the hydrocarbon chains. " Cis" bonds  allow for a 

kinked or angled geometry that makes it more difficult to "pack" together.  

Unsaturated fats with " Trans " bonds  contain a geometry that resembles the 

straight line of a saturated fat. This geometry allows for trans unsaturated fats to 

pack together tightly enough that they will be found as a solid at room temperature 

(see figure below). Products l ike Crisco and Margarine often have substantial 

quantities of "trans fats". Cis fats are natural and found readily in nature. Trans fats 

are rare in nature and have appeared in the American diet as a product of oil 

processing. Food manufacturers will take oils with cis bonds and use high 

pressures, high temperatures, and hydrogen gas to artificially "hydrogenate" 

unsaturated fats. This process creates saturated fats but also creates fats with 

rearranged double bonds ( trans fats ). This type of fat is usually  listed as partially 

"hydrogenated oil " in the food ingredients list.  

 

Epidemiologic, clinical, and physiological studies are quite consistent in showing 

saturated and trans fats to have adverse effects on our health if they are eaten in 

excess. Throughout  the world, trans -fats have been acknowledged as unhealthy 

and many countries have outlawed their use. Substituting unsaturated fat for 

saturated and trans fat has sometimes been shown to lower LDL cholesterol which 

may have a "heart healthy" affect. There  is also mounting evidence that some 

unsaturated fats may have the ability to decrease chronic inflammatory responses 

in the body. Omega 3 fatty acids have come into the spotlight lately as they may 

help to do this. Omega 3 refers to the existence of a dou ble bond 3 carbons in from 

the end of a fatty acid chain. You can explore more about the types of health risks 
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and benefits thought to be associated with different types of fats by going to this 

website:  

http://www.helpguide.org/life/healthy_diet_fats.htm  

 

 

 

Image created by JS at BYU-I; 2014; ModifiedFile:Oleic-acid-3D-ball-&-stick.png; Author: Benjah-bmm27; Site: 

https://commons.wikimedia.org/wiki/File:Oleic -acid-3D-ball -%26-stick.png; License: Public Domain 

 

This figure shows a line drawing of 2 monounsaturated fatty acids. (a) Note that the 

first molecule (a) has the hydrogen atoms extending from the carbon chain on the 

same side of the double bond. This is called a "cis" double bond (cis means same 

side). Note that the second molecule is nearly identical except that the hydrogen 

atoms extend from the carbons at the double bond on opposite sides. This is called 

a "trans" double bond (trans means to "cross"). (b) shows a 3D representation of 

http://www.helpguide.org/life/healthy_diet_fats.htm
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the "cis" double bond in the unsaturated fatty acid chain. Notice how "cis" bonds 

bend or put a kink in carbon chain.  

 

Title: File:Tridecylic-acid-3D-balls.png; Author: Jynto and Ben Mills; Site: https://commons.wikimedia.org/wiki/File:Tridecylic-acid-3D-

balls.png; License: public domain 

This figure shows an image of a double bond that is "trans." Notice how the "trans" 

double bond makes the fatty acid chain more linear. "Trans" double bonds make 

unsaturated fats more physically similar t o saturated fats.  

 

PHOSPHOLIPIDS 

A phospholipid  is structurally similar to a triglyceride. However, one of the three 

fatty acids are substituted for a polar phosphate group (see image below). 

Phospholipids are often referred to as " amphipathic, " which mean s to have both a 

polar (hydrophilic or lipophobic) and non polar (hydrophobic or lipophilic) portion 

on the molecule. It is the amphipathic nature of phospholipids that allows them to 

maintain the structural integrity of a cell membrane and serve as a sele ctively 

permeable barrier that modulates movement of substances in and out of a cell.  
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Image created by JS at BYU-I; 2014; modified File:Na+H2O.svg; Author: Taxman; Site: 

https://commons.wikimedia.org/wiki/File:Na%2BH2O.svg; License: Public Domain 

 

A phos pholipid is formed when an end fatty acid is replaced by a phosphate group. As the 

polar part of the phospholipid is attracted to water, the hydrophobic fatty acid tails are 

repulsed by water. The single carbon -carbon bond is flexible and allows the molecu le to 

swivel such that the polar portion is with water and the hydrophobic tails are oriented away.  

 

 

Image created by JS at BYU-I; 2014 

 

It is common to represent a phospholipid by taking a circle (which represents the polar 

portion of a phospholipid) and attach it to two lines (which represent the hydrophobic 

portion of a phospholipid).  
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Title: File:Cell membrane detailed diagram en.svg; Author: LadyofHats Mariana Ruiz; Site: 

https://commons.wikimedia.org/wiki/File:Cell_membrane_detailed_diagram_en.svg; License: Public Domain 

 

Phospholipids form a double layer or bilipid layer in cell membranes. The polar 

heads are oriented towards the aqueous cytoplasm and also towards the 

extracellular water. The fatty acid tails are oriented away from water but blen d with 

each other. This configuration creates a barrier or boundary that separates the 

cytoplasm environment from the extracellular environment. This image also shows 

many of the other things found in cell membranes.  

  

STEROIDS 

A Steroid  is a type of lipid  that differs quite a lot in structure from the previous 

lipids discussed. Steroids have a characteristic arrangement of their hydrocarbon 

rings that are joined to each other (See image below). However, the solubility 

characteristics of steroids are like o ther lipids in that they are non -polar 

(hydrophobic). The best known and most abundant steroid in the body is 

Cholesterol. Cholesterol is very important as it is required to build and maintain 

cellular membranes. Cholesterol is used to synthesize bile, an important 

component of digestive juices that help in the digestion of fat. Cholesterol is also 

used to synthesize steroid hormones (see image below). Steroid hormones are 

critical for healthy growth and development of most tissues in our body. 

Cholesterol is essential to all animal life, so we find that animals (including humans) 

have the ability to make this important molecule. We can also ingest cholesterol. 
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When we consume animal products, we obtain cholesterol to varying degrees. 

Cheese, egg yolks, beef, and pork are all examples of foods commonly considered 

to have substantial amounts of cholesterol. Cholesterol along with trans and 

saturated fats contribute to the formation of deposits on the inner walls of blood 

vessels. These deposits can become quit e hard and can result in a condition known 

as atherosclerosis. In a later unit, we will present a chapter on atherosclerosis and 

talk in much more detail about this serious cardiovascular disease.  

 

 

 

 

 

 

 

Title:File:Steroidogenesis.svg;Author: Hoffmeier and Settersr. Site: https://en.wikipedia.org/wiki/File:Steroidogenesis.svg; License: 

licensed under the Creative Commons Attribution-Share Alike 3.0 Unported license. 

 

This figure is rather complicated in its description of the many pathways that synthesize 

steroids from cholesterol. However, it is a good figure to help us appreciate the large number 

of steroid hormones that can come from cholesterol. You will likely fin d many names that 

you recognize (i.e. testosterone, estrogen, progesterone, cortisol).  
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LIPOPROTEINS 

As you now know, lipids like triglycerides and cholesterol are hydrophobic. If you 

were to put these in water, they would not dissolve. This presents an in teresting 

dilemma. Our blood vessels are the conduits that transport organic molecules to 

where they need to be in our bodies. Our blood is also mostly water. It seems that if 

we placed lipids in our blood, we would see a separation and droplets of fat and  oil 

would separate from the water. This would not be good! A separation of lipid and 

water would make it difficult to distribute lipids evenly to all the necessary places, 

not to mention a lethal effect of having lipid droplets congregate and get stuck in  

very small vessels and blocking blood flow.  

The solution to the lipid transport problem is the "Lipoprotein". The lipoprotein is 

an assembly of both lipids and proteins. This assembly will form a small particle 

that will have the hydrophilic ends of phosp holipids and proteins pointing outward 

toward the aqueous plasma, while the hydrophobic ends will point towards the 

inside of this spherical particle. Cholesterol and Triglycerides are inside of these 

spheres and will be shielded from the water (See Figure  below). This lipoprotein 

particle will dissolve in the water portion of blood plasma and be carried easily 

through the circulation. Lipids wont form droplets or plug up any vessels, because 

they are safely tucked away in the lipoprotein assembly. Cells th roughout the body 

have the ability to bind these lipoproteins and move lipids in and out of them. 

There are several different types of lipoproteins and each one has a specific role. 

Some will focus on picking up lipids from the digestive tract, while other s will 

specialize in the transport of lipids between the liver and body tissues. You may 

have heard the terms HDL and LDL. These are two common lipoproteins that have 

gained a lot of attention as they appear to correlate with the risk of atherosclerosis 

development.  

Many brochures and websites refer to HDL as "Good Cholesterol," and LDL as "Bad 

Cholesterol." See this website for an example:  

http://www.heart.org/HEARTORG/Conditions/Cholesterol/AboutCholesterol/Good -

vs-Bad-Cholesterol_UCM_305561_Article.jsp#.Tz6chNmlGcI  

In reality, there is no such thing as "good cholesterol" or "bad cholesterol." 

Cholesterol is simply a type of lipid that we need and does not come in as "bad" or 

"good." The idea of "good" and "bad" refer to the lipoproteins. The more protein 

that a lipoprotein assembly c ontains, the heavier it is. LDL or  Low Density  

Lipoprotein is an  assembly of proteins and lipids that is lower in protein and higher 

in lipid content (See image below). LDL particles tend to accumulate in the walls of 

http://www.heart.org/HEARTORG/Conditions/Cholesterol/AboutCholesterol/Good-vs-Bad-Cholesterol_UCM_305561_Article.jsp#.Tz6chNmlGcI
http://www.heart.org/HEARTORG/Conditions/Cholesterol/AboutCholesterol/Good-vs-Bad-Cholesterol_UCM_305561_Article.jsp#.Tz6chNmlGcI
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arteries. It is the overabundance of this LDL deposition that contributes to 

atherosclerosis, and thus  the term "bad." HDL or  High Density  Lipoprotein is often 

called the "good cholesterol" because HDL particles help prevent atherosclerosis by 

extracting cholesterol from artery walls and disposing of it through biochemical 

reactions in the liver. HDLs also  have relatively more proteins in the lipoprotein 

assembly, which gives it the name High Density (see image below). Research has 

shown that lowering LDL cholesterol reduces the risk of heart attacks, strokes, and 

atherosclerosis.  

 

Image created by JS BYU-I; 2013. 

 

A schematic representation of two types of lipoproteins. LDL stands 

for  Low Density  Lipoprotein. Lipoproteins are an assembly of phospholipids and 

proteins that carry triglycerides and cholesterol in the blood. Notice that the HDL 

or  High Density  Lipoprotein has more apoproteins (brown blobs) which increases 

this particle's overall density.  

SUMMARY and LIPID PROFILE  

The lipids include a large and diverse group of naturally occurring compounds. 

Triglycerides, phospholipids, and cholesterol are thre e important lipids in biology. 

The large stores of fat in our body are mostly triglycerides which also comprise the 

bulk of fat and oil that we consume. Triglycerides contain saturated and 

unsaturated fatty acids that lend physical and chemical properties such as solidity, 

texture, and flavor. Fatty acids also affect health. Saturated fatty acids appear to 
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contribute to heart and vascular disease when consumed in high quantities. Trans 

fats also contribute to heart disease and are considered unhealthy to ea t. 

Unsaturated fatty acids may actually lower some health risks like inflammation and 

heart disease.  

 

Image Permission Aquired by email through Nate Wise BYU-I Dec 2013 

  

LIPID PROFILE APPENDIX 
The following appendix offers information regarding desirable  and undesirable 

lipid profile values.  
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The following appendix offers information regarding desirable and undesirable 

lipid profile values.  

Total Cholesterol (TC) Category 

Less than 200 Desirable  

200-239 Mildly High  

240 and above  High 

 

HDL HDL- Category 

60 and above  High; Optimal; associated with lower risk  

Less than 40 in men and less than 50 in women  Low; considered a risk factor for heart 

disease 

 

Triglycerides  Triglyceride Category  

Less than 150 Normal  

150-199 Mildly High  

200-499 High 

500 or higher  Very High 
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LDL LDL Category 

Less than 100 Optimal  

100-129 Slightly Above Optimal  

130-159 Borderline High  

160-189 High 

190 and above  Very High 

 

Non-HDL Non -HDL Category 

Non -HDL is a reading that includes the cholesterol content of all the lipoproteins that are not 

part of the HDL classification. LDLs are the most common lipoprotein to examine for heart 

disease risk, but there are other lipoproteins that can contribute to atherosclerosis. These are 

sometimes called Very Low Density L ipoproteins or (VLDL) and Intermediate Density Lipoprotein 

(IDL). The general category of all Non -HDL lipoproteins can be combined with the readings from 

the LDL category to validate concerns for heart risk profiles.  

Less than 130 Optimal  

129-159 Slightly above Optimal  

160-190 High 

Above 190 Very High 
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TC/ HDL Category 

Total Cholesterol to HDL ratio (TC /HDL) is a number that reflects how many HDL 

lipoproteins we have relative to our total cholesterol. A person with a lower HDL value may 

see that the total cholesterol is also low. In this case, a person with a lower HDL value may 

have a TC/HDL ratio that is fine. This value taken with the other values in the lipid profile 

help a health care professional get a better idea of the actual heart di sease risk. 

Below 3.5  Optimal  

3.6 to 5.0  Borderline High to High  

Above 5.0 High to Very High  

 

12 hour Fasting Glucose (Glu)  Category 

82 - 110 Optimal  

111- 125 Borderline High to High  

Above 126 High to Diabetic  
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PROTEINS 

Have you ever noticed that  in virtually every organization there is always that one 

person who can do everything? No matter what needs to be done, that person 

somehow is able to do it. Think about that uncle in your family who is a "Jack -of -all-

trades," who is always called on when ever there is a challenge or a need. Every 

baseball team has a utility player who can fill in at any position when he is needed. 

These individuals are indispensable to their organizations. The cell is no different. 

There is a need for a "utility" player in  the cell. In the molecular world of the cell, 

who is the biological molecule that can do nearly everything? If you are guessing 

that it is the proteins, you are correct (of course the heading for this section may 

have tipped you off). Of the four classes of biological molecules, the proteins are 

the most diverse in their functions. By some estimates, our cells make more 

than  50,000 different proteins. Table 1 lists some if the major functions of proteins, 

but this list is not exhaustive, in fact it is hard  to think of any function in the body in 

which proteins are not an integral part. In this unit we will learn about the 

molecular structure of proteins and discuss some of their important functions.  

 

Function  Example  

Structure  Collagen in tendons and ligaments, Keratin in the nails and skin  

Transport  Hemoglobin in the blood, Na +,K+-ATPase in cell membranes  

Protection  Antibodies of the immune system  

Movement  Actin and Myosin in muscles  

Enzymes Digestive enzymes in the small intestine (Lactase, Sucrase, Trypsin) 

Receptors Membrane proteins that respond to chemical messengers (insulin 

receptors)  

Regulation  Chemical messengers: hormones, neurotransmitters, cytokines  
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Amino Acids  
Like polysaccharides and nucleic acids, proteins are polymers of smaller subunits or 

monomers. The monomers that make up proteins are the  amino acids . Although 

there are 20 different amino acids that make up the proteins in humans, all have 

the same basic structure. Each has a central carbon with 4 diffrerent groups 

att ached to it. The figure below shows the basic structure of an amino acid. 

Attached to the central carbon is an  amine group  (green) and a  carboxyl 

group  (red). Recall that a carboxyl group is an acid group. The name amino acid is 

derived from these two grou ps. Additionally, there is a hydrogen (blue), and finally, 

an R group . In organic chemists' shorthand, the R group represents some other 

organic group. In the case of the amino acids, there are 20 different R groups, 

hence, 20 diffrerent amino acids. It is  the different R groups that confer the 

different properties to the amino acids. Some R groups are non -polar 

(hydrophobic), others are polar (hydrophilic). Some R groups are ions, either anions 

or cations (hydrophilic).  

 

Image created by MG BYU-I; 2013. 

 

The image above represents the basic structure of an amino acid. The central 

carbon (black) has 4 groups attached to it, an amine group (green), a carboxyl group 

(red), a hydrogen (blue), and one of 20 different R groups. Of an amino acid, "R" can 

be a var iety of things, and in this image, it simply represents some type of organic 

group.  

In this class you will not need to learn the names and structures of the individual 

amino acids, however, if you are interested in learning more about their structures 

and characteristics check out the following links:  

http://www.aminoacidsguide.com/  

http://www.aminoacidsguide.com/
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http://en.wikipedia.org/wiki/Amino_acid  

  

Peptide  Bonds and Polypeptides  
As mentioned in the introduction, proteins are polymers of amino acids. Like all of 

the polymers we have discussed so far, amino acids are linked together 

via dehydration (condensation) synthesis reactions.  The bond that is formed 

between the amino acids is called a  peptide bond . The figure below shows how 

these bonds are formed. In this simple example, we would call the resultant 

polymer a  dipeptide . Small peptides are designited tripeptides, tetrapeptides, 

pentapeptides, etc. The g eneric term  polypeptide  is used to designate many amino 

acids linked together. The terms polypeptide and protein are often used 

interchangeably and there is no set rule for when each should be used. Some 

authorities suggest an amino acid cut off of 50 amin o acids, anything less than 50 is 

called a polypeptide and anything over 50, a protein. Others use a molecular weight 

cut off with 10,000 being the division between polypeptides and proteins. Whether 

we call them proteins or polypeptides, it is of no real importance; they will still do 

their job no matter what we call them. Notice that the end amino acids in the 

polypeptide will have either an unbonded amine group or an unbonded carboxyl 

group. These ends are designated the  amino - or N -Terminus  and the  carb oxyl - or 

C-Terminus , respectively.  

http://en.wikipedia.org/wiki/Amino_acid
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Image created by MG BYU-I; 2013. 

The image above represents a dehydration synthesis reaction between 2 amino 

acids to form a peptide bond. Peptide bonds form between the carboxyl group of 

one amino acid and the amine gr oup of another.  

As mentioned above, almost all living things (except for a few rebellious strains of 

bacteria) contain proteins made from 20 amino acids. Our liver is a pretty effective 

amino acid factory, and can synthesize 11 of these 20 amino acids even  if we don't 

consume them in our diet. However, nine amino acids are  essential amino acids . 

If we don't consume these essential amino acids in our food, our body won't have 

the necessary supplies available when new proteins need to be produced.  

For those o f you who haven't already dozed off, let's reinforce these basic concepts. 

Think of amino acids as Lego blocks. If you were given 20 packages of these blocks, 

each package containing a different color, you could start producing Lego proteins. 

Just think of  the possible combinations of your Legos. The possibilities are 

essentially limitless. Some of your proteins may contain only a few Legos while 
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others may contain thousands. This is the potential that our cells have at their 

fingertips to produce the molec ules to carry out the many functions of proteins.  

Protein Structure  
By now you should be starting to realize the importance of proteins to the proper 

functioning of the various systems in our bodies. What is it about proteins that 

allows them to perform al l of these different tasks? The answer to this question can 

be summed up in three words: shape, shape, and shape. Let me say that one more 

time, a protein's function is determined by its shape. As you can imagine from the 

many functions of proteins, they h ave very complex shapes. If we think of proteins 

as cars, we all quickly understand that having the wheels on the bottom of the car 

and a steering wheel to guide the car are pretty important standard equipment. 

Similarly, if our protein "car" doesn't have the right parts in the right places with 

each component properly connected together, the protein does our body about as 

much good as a car that has been put through an auto crusher. In studying the 

shape of proteins, biochemists have dissected and broken t hem down into 4 levels 

of complexity or structure. As we move from the 1 st to the 4 th  level of structure, the 

preceding level adds to the next. For example, you cannot have secondary structure 

without primary structure.  

Primary structure:  The primary structure of the protein is the sequence of the 

amino acids in its polypeptide chain. If proteins were popcorn stringers made to 

decorate a Christmas tree, the primary structure of a protein is the sequence in 

which various shapes and varieties of popped c orn are strung together. The 

primary structure of a protein is maintained by  covalent, peptide bonds connecting 

the amino acids together. The figure below shows the primary structure of insulin, 

the first protein to be sequenced. Notice on the right side o f the figure the position 

of each amino acid is numbered. By convention, biochemists always number the 

amino acids beginning at the amino -terminus of the polypeptide chain.  
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Image drawn by BYU-I student Nate Shoemaker Spring 2016 

 

The image above represen ts the primary structure of a protein (a chain of amino 

acids). As you might expect, the sequence of the amino acids in the polypeptide 

chain is crucial for the proper functioning of the protein. This sequence is coded in 

the genetic code of the DNA. If th ere is mutation in the DNA and the amino acid 

sequence is altered, the function of the protein can be affected. All of the known 

genetic diseases, such as cystic fibrosis, sickle cell anemia, albinism, etc, are due to 

mutations that result in alterations i n the primary structures of proteins, which 

then in turn, cause alterations in the secondary, tertiary and possibly quarternary 

structure.  
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Image drawn by BYU-I student Nate Shoemaker Spring 2016 

 

Secondary Structure:  The secondary structure of proteins i nvolves twisting or 

folding polypeptides into highly regular sub -structures. Whereas the primary 

structure of a protein is pretty much 2 -dimensional, the secondary structure of 

proteins begins the very important 3 -dimensional configuration of proteins.  

The two types of secondary are the  alpha helix  (think "slinky" and to the left in the 

picture just above) and the  beta pleated sheet,  or simply pleated sheet (think 

about one of those folded cardboard windshield guards that can be placed on the 

inside of your  car's windshield on a hot day so the inside of your car doesn't end up 

with a temperature approximately that of the interior of our sun. Found on the 

right in the picture just above). The secondary structure of proteins is a result of the 

sequence of amin o acids in the primary structure and is maintained by  hydrogen 

bonds . Some proteins, like collagen, are almost entirely alpha helix, while others, 

like silk, are mostly pleated sheet. Other proteins can have short segments of alpha 

helix and/or pleated she et in their structure.  
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Image drawn by BYU-I student Nate Shoemaker Spring 2016 

 

Tertiary Structure:  The tertiary structure of a protein is the overall folding of the 

polypeptide chain. This folding involves more than just an alpha helix and a pleated 

sheet. There are other chemical interactions that can help define the 3 dimensional 

tertiary structure. R emember that the R groups of some amino acids are 

hydrophilic and others are hydrophobic. Since proteins in the body are in an 

aqueous solution, the hydrophilic R groups will tend to orient toward the water and 

the hydrophobic R groups will turn away from the water (towards the center of the 

protein). This can create some looping and folding in the protein structure. 

Sometimes hydrophilic groups will form ionic bonds or hydrogen bonds between 

different R groups. This helps stabilize the tertiary structure. Weak acids and bases 

can donate or accept protons in the aqueous solutions that proteins exist in. This 

can create positive and negative charges on the amio acids that will create 

attraction. pH can certainly affect how these attractions between acidic and  basic R 

groups occur. This helps explain why radical changes in pH can cause the structures 

of proteins to fall apart and ruin the ability of the protein to function. This is called 

denaturing the protein. As a side note, very high temperatures can also c ause some 

of these tertiary structure bonds to fail and is another way to denature a protein. 

One very important and very strong tertiary structure bond is actually a covalent 
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bond that occurs between certain R groups (disulfide bonds between adjacent 

cysteine residues).  

  

 

Image developed by BYU-I student Nate Shoemaker Spring 2016 

 

Quaternary Structure:  Not all proteins assume a quaternary structure. Only 

proteins composed of more than one polypeptide chain have quaternary structure. 

The protein in the picture just above, for example, has 4 polypeptide chains that 

work together to form one functional prot ein. A protein like the one in this picture 

that has 4 polypeptide chains (called subunits) that you might be familiar with is 

hemoglobin. Hemoglobin is found in your red blood cells and has a job of carrying 

oxygen throughout your body. There are 2 alpha and 2 beta chains that make up 

hemoglobin. You may have heard of sickle cell anemia? This is a mutation that 

results in a change to just one amino acid in the primary structure of the beta 

chains. But, this small change is enough to cause alterations to th e secondary, 
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tertiary and quaternary structure of hemoglobin. The alterations affect 

hemoglobin's ability to function correctly and a large array of pathological 

symptoms are the result.  

This next image below is just a summary that shows all the levels of protein 

structure in one image. You can see how each level of structure leads to a more 

complex development of a very specific 3 dimensional protein.  
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Image developed by BYU-I student Nate Shoemaker Spring 2016 
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 Classes of proteins  
There are two major c lasses or types of proteins:  globular  and fibrous proteins . 

Globular means globe -like. Hemoglobin is a good example of a globular protein. 

Globular proteins are quite fragile and can be inactivated ( denatured ) by things like 

heat (think of the protein albu min in an egg white when you fry it), organic solvents 

or strong ionic solutions.  

Fibrous proteins are much stronger and tougher. As the name implies, these 

proteins are more like ropes or cables. We should all be grateful for fibrous 

proteins because if w e didn't have them, we would all look like a melted milkshake 

on a hot sidewalk. Fibrous proteins give the body structural support and help it 

resist mechanical stress. Common examples of body structures containing fibrous 

proteins include bone, cartilage,  tendons (which anchor muscles to bone), 

ligaments (which anchor bones to other bones) and capsules around our internal 

organs.  

The two images below show the molecular image representations of first a globular 

and then a fibrous protein.  

 

File:Hras surface colored by conservation.png; Author: ElaineMeng; Site: 

https://commons.wikimedia.org/wiki/File:Hras_surface_colored_by_conservation.png; License: licensed under the Creative Commons 

Attribution -Share Alike 3.0 Unported license. 
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File:1bkv collagen 02.png; Author: Nevit Dilmen; Site: https://commons.wikimedia.org/wiki/File:1bkv_collagen_02.png; License: 

licensed under the Creative Commons Attribution-Share Alike 3.0 Unported license. 

  

Enzymes 
One of the most diverse and important roles of proteins is that of enzymes. An 

enzymeɅs purpose is basically to speed up the rate of a chemical reaction and they 

accomplish this by decreasing the activation energy needed to start the process. 

LetɅs use a dating analogy to try and understand this ever important process! 

Suppose a guy sees an attractive young lady and would like to take her on a date to 

get to know her better and perhaps even marry her. In order to start the 

dating/courting process there is a certain amount of courage or Ɉactivation energyɉ 

that he m ust invest. To just walk up and start talking to her might require more 

courage than he can muster and without some help he may never be able to 

initiate the dating process or Ɉreaction.ɉ ϥn the chemical world this is where an 

enzyme satisfies a very impor tant role and in the dating world this is where a 

mutual friend or matchmaker comes in very handy. Your mutual friend recognizes 

that you might be compatible and sets you up on a dateɎɎ.remember that is what 

the guy wanted to do but was unable to muster th e courage or Ɉactivation energyɉ 

to accomplish on his own. Now the hard part is over and the two individuals go on 

a date, yada yada yada, and emerge as one couple! There are a few very important 

things to keep in mind about enzymes:  
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1. Enzymes are not used u p or consumed during the chemical reaction. In other words a 

single enzyme can serve as a catalyst for one reaction after another. In the example above 

the matchmaker could go on to set up other dates between other young men and women.  

2. Enzymes are quite sp ecific and so a single enzyme is able to catalyze a reaction between 

certain reactants (substrates) but not others, which is why we need so many different 

enzymes. An example that you are familiar with is converting a common disaccharide, 

sucrose, to two m onosaccharides, glucose and fructose. The enzyme that is involved in this 

reaction would be unable to convert the disaccharide lactose to the monosaccharides 

glucose and galactose. Our matchmaker above is great at setting up dates between young 

men and wom en, but completely useless in helping dogs find their true love!  

3. Enzymes are often named for the substrates on which they act. Thus the enzymes involved 

in the reactions above would be sucrase and lactase respectively. Notice that the suffix ɀ

ase is added to the name of the substrate.  

4. An enzymeɅs shape governs its function. Each enzyme has an active site where only certain 

molecules (substrates) can bind. When the substrate(s) bind to the active site the enzyme 

catalyzes the chemical reaction and then they are released as a new product.  

5. Enzymes are sensitive to changes in temperature and pH. One way to speed up chemical 

reactions is to turn up the heat, but increasing temperature too much can alter or even 

destroy cells. Enzymes in the human body function op timally between 35 -40° C (95-104° F). 

They also function best at around neutral pH, with a range typically between 6 -8. If we 

change the temperature or pH to values outside the optimum, the enzymes may change 

shape and lose their function.  

6. Enzymes may require Ɉhelperɉ substances to catalyze chemical reactions. These helpers are 

termed cofactors or coenzymes. Cofactors are inorganic substances such as zinc or iron. 

Coenzymes are organic molecules like vitamins.  
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aƻŘǳƭŜ пΥ ¢ƘŜ /Ŝƭƭ 

THE CELL 
 

 

An Interactive Image  that allows you to explore the anatomy of a cell has been 

added to help you. You can see images of many o f the bolded terms below. Be 

prepared to know where these fundamental cell parts are and what they do.  

As technology progressed to the point of peering deeper and deeper into the world 

of the cell, it became apparent that the cell cytoplasm, when viewed un der a light 

microscope was full of even smaller intracellular structures. The structures are 

collectively called cellular organelles. This introduction will identify these organelles 

briefly and subsequent sections will add details.  

To help illustrate the function of many of these organelles, let us consider the 

secretion of insulin by beta cells in the pancreas. In order to secrete insulin, the cell 

must first make it. This process starts in the cell  nucleus  . The nucleus houses the 

genetic material (DNA) of a human cell and provides a location for  DNA 

transcription  . Importantly, the nucleus is surrounded by two distinct lipid bilayer 

membranes. The outer membrane belongs to the  endomembrane system  (made 

up of the nuclear envelope, the endoplasmic reticulu m, the Golgi apparatus, 

lysosomes, the plasma membrane, and most vacuoles and vesicles).  

https://content.byui.edu/file/57db20c6-65c1-4941-b730-0726745ab419/1/Anatomy%20of%20a%20Cell.zip/index.html
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Title: File:Endomembrane system diagram en.svg; Mariana Ruiz LadyofHats; Site: 

http://en.wikipedia.org/wiki/File:Endomembrane_system_diagram_en.svg; License: Public Domain. 

 

The production and secretion of insulin helps illustrate the coordinated efforts of 

the organelles in this system. Within the nucleus, the insulin gene (located on 

chromosome 11) is  transcribed  from DNA to RNA and then further processed into 

messenger RNA or mRNA. This mRNA is then transported out of the nucleus 

to  ribosomes  docked to the surface of the  endoplasmic reticulum  (ER). The ER is 

actually divided into 2 components: the rough ER and the smooth ER. The rough ER 

is named "rough because it i s studded with ribosomes, which create a bumpy 

surface when viewed under an electron microscope. The function of the ribosome 

is to perform  translation  (the conversion of the mRNA into protein). The ribosome 

is specifically suited to interpret the mRNA nuc leotide acid code (a series of 

adenosines, uracils, guanidines and cytosines abreviated A, U, G, and C respectively) 

and assign the appropriate amino acid in the creation of a polypeptide chain. This is 

the first step of making a protein. The process of DN A > RNA > protein is called 

the  central dogma  of biology.  
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File:0328 Transcription-translation Summary.jpg; Author:OpenStax College; 

Site:http://commons.wikimedia.org/wiki/File:0328_Transcription-translation_Summary.jpg; License: This file is licensed under 

the Creative Commons Attribution 3.0 Unported  license. 

 

Within the rough ER, the nascent (immature) insulin protein is folded, then 

transported to the  Golgi apparatus  . The Golgi apparatus is the location for 

processing and sorting (think of a giant UPS mail warehouse). Within the Golgi, the 

nascent insulin is further processed into mature (fu nctional) insulin and packaged 

into secretory vesicles. These vesicles (now full of insulin) bud off of the Golgi and 

are transported to the  plasma membrane  where they await the proper signal for 

secretion. Secretion occurs as the vesicle fuses with the  pl asma membrane  , 

expelling its contents into the extracellular space.   Let us now examine the roles of 

these organelles in greater detail.  

 

The Cell Nucleus 
The nucleus is surrounded by a double membrane bound structure that serves to 

isolate the nuclear contents from the cellular cytoplasm. (This nuclear envelope is 

dispersed during mitosis as the cell prepares to divide). The outer membrane is 

continuous wit h the membranes of the rough endoplasmic reticulum. The inner 

membrane makes the border to isolate the nucleus. The space between the two 

membranes is continuous with the space (lumen) inside the endoplasmic reticulum, 

except at various points where the tw o membranes are connected by specialized 

structures known as nuclear pores. The nuclear pores serve as transport pathways 

between the interior of the nucleus and the cytoplasm. The nucleus contains the 

http://en.wikipedia.org/wiki/en:Creative_Commons
http://creativecommons.org/licenses/by/3.0/deed.en
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genetic material (genes) that are organized into long molecules called DNA that are 

tightly bound to proteins called histones to form chromatin which is finally 

organized into chromosomes.  

 

Modified image - Title: File:Sha-Boyer-Fig1-CCBy3.0.jpg; Author: unknown; Site: http://en.wikipedia.org/wiki/File:Sha-Boyer-Fig1-

CCBy3.0.jpg; License: This work is licensed under the Creative CommonsAttribution 3.0License. 

 

Gene messages are copied from th e DNA as RNA strands, which are further 

processed into mRNA and sent out of the nucleus through the nuclear pores. The 

mRNA interacts with ribosomes to produce a specific protein. Many genetic 

mutations result in errors making the associated proteins non -functional. The 

nucleus then functions to maintain the integrity of the genes as well as control the 

turning on or off of the genes. The genes in turn regulate the activity of the cells. 

Thus, the nucleus is the control center of the cell.  

 

The Endoplasmic Reticulum  
As mentioned previously, the endoplasmic reticulum has a rough component and a 

smooth component. The rough endoplasmic reticulum is associated with 

ribosomes that constantly bind and unbind to the membrane. Ribosomes bind to 

the endoplasmic retic ulum after they interact with an mRNA strand from the 
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nucleus. The ribosomes "read" the mRNA strand and produce the specific protein 

associated with the code and secrete it into the lumen of the rough endoplasm 

reticulum. The newly produced proteins are th en folded and prepared for transport 

to the Golgi complex. The smooth endoplasmic reticulum synthesizes lipids, 

phospholipids and steroids. In addition, it aids in the breakdown of carbohydrates, 

and steroids. The membrane contains proteins that move Ca++ into the structure 

for storage and thus plays and important role in regulating cellular calcium ion 

concentrations.  

 

The Golgi apparatus  
The Golgi apparatus is named after the person that discovered it, an Italian 

physician named Camillo Golgi who discover ed the organelle in 1897. The Golgi 

apparatus further processes proteins that were first made in the rough 

endoplasmic reticulum and then distributes the completed proteins to various 

locations within the cell. The Golgi apparatus is particularly important  in the 

processing of proteins that are destined for secretion outside of the cell. Proteins 

are sent to the Golgi apparatus from the rough endoplasmic reticulum through 

transport vessicles that move on the "highway" network of the cell, the cytoskleton 

(discussed below). The Golgi apparatus is primarily associated with proteins, but 

also serves in the transport of lipids around the cell and the creation of lysosomes. 

Perhaps the best analogy for the Golgi apparatus would be that of the post office of 

the cell. 

The Mitochondrion  
The mitochondrion (or mitochondria in the plural form) is usually described as the 

power plant because it generates the energy (in the form of adenosine 

triphosphate, or ATP) required for normal cellular function. Like the nucleus, 

mitochondria also have two membranes, which are critical for its function in energy 

production. (Further detail will be given later as we study metabolism). The 

mitochondrion is composed of an outer and an inner membrane (a balloon within a 

balloon) that gi ves five distinct structural components.  

1. The outer mitochondrial membrane  

2. The intermembranous space (the space between the outer and inner membranes)  

3. The inner mitochondrial membrane  

4. Cristae (foldings of the inner membrane)  

5. The matrix (space of the interio r of the mitochondrion)  
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Each region is association with a particular function as it relates to mitochondrial 

activity. Mitochondria have also been shown to have their own genetic material. 

The number of mitochondria per cell varies widely with more than 20 00 per cell in 

liver cells down to zero for red blood cells.  

 

Title: File:Blausen 0644 Mitochondria.png; Author: Blausen.com staff. "Blausen gallery 2014". Wikiversity Journal of Medicine. 

DOI:10.15347/wjm/2014.010. ISSN 20018762; Site: http://commons.wikimedia.org/wiki/File:Blausen_0644_Mitochondria.png; License: 

This file is licensed under the Creative Commons Attribution 3.0 Unported license. 

 

Other Organelles  
As mentioned,  lysosomes  are also part of the endomembrane system. Lysosomes 

are specialized ve sicles that bud off of the Golgi apparatus. A lysosome uses a 

pump within its membrane to transport high concentrations of H+ into its lumen, 

thus lowering the internal pH. The acidic environment of the lysosome allows it to 

break down macromolecules (such  as proteins). Other organelles involved in 

recycling used or unneeded materials include  proteasomes  and  peroxisomes  . 

When a cell wants to quickly reduce the amount of a given protein, it can tag that 

protein with a specific signal (called ubiquitin) that  sends that protein to the 

proteasome for degradation. The peroxisome is responsible for detoxifying harmful 

substances that may enter the cell.  
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Original image drawn by BYU-I biology department Jan 2015. 

 

 

The Cytoskeleton  
The cytoskeleton, as the name implies, is the structural component of the cell 

composed of a network of proteins that are constantly destroyed, renewed, and 

newly built. The cytoskeleton functions in maintaining the cell shape, resisting 

deformation, movem ent both inside (transport of vessicles within) and migratory 

movement, cell signaling, endocytosis and exocytosis, and cell division. The 

cytoskeleton is composed of three major filaments: microfilaments, intermediate 

filaments and microtubules filaments.  You can explore these components visually 

at this link:  

http://medicineconspectus.blogspot.com/2014/01/cytoskeleton -cell-components -

cell.html  

 

http://medicineconspectus.blogspot.com/2014/01/cytoskeleton-cell-components-cell.html
http://medicineconspectus.blogspot.com/2014/01/cytoskeleton-cell-components-cell.html
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Microfilaments are the thinnest of the cellular filaments and are composed of long 

chains of protein monomers called G -actin. They can generate force by adding 

monomers that cause the growing strand to push against barriers like the cell 

membrane. Other proteins like myosin can move along the track and pull against it 

generating contractile forces in all cells, but which are especially important in 

muscle cells. Intermediate filaments are stronger than microfilaments and thus 

help maintain the cell shape.  The filaments serve as anchors for other organelles as 

well as cell to cell junctions. Intermediate filaments are also used in helping to 

maintain the shape of the nucleus. Microtubules are the largest of all filaments, 

with a hollow structure made up of protein monomer called tubulin which wind like 

a spiraling staircase. Microtubules are closely associated with an organizing center 

called the  centrosome  . Microtubule networks serve as "highways" for the 

transport of vesicles, and are important for specia lized movements like the swirling 

tail of sperm cells or the flagellum of bacteria. They also play a crucial role during 

cell division where they function to pull apart and segregate individual 

chromosomes.  
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THE FLUID MOSAIC MODEL 
 

INTRODUCTION  

One of the challenges faced by all living things, be they amoebae or humans, is to 

separate their internal environment from the external environment. Critical 

nutrients must get into the cells and wastes must get ou t. To make matters more 

complex, cells need to be able to regulate that movement, letting the materials 

cross at some times and preventing them from crossing at others. Another 

challenge is finding a way for cells to communicate with each other. Cells in t he 

brain, for example, need to be able to tell cells in the heart to beat faster. The 

solution to these challenges lies in the properties of the cell membrane 

(plasmamembrane ). This delicate structure is essential to the life of cells. When 

the membrane lo ses its ability to carry out these processes, the cell dies.  

In this lesson we will study this amazing structure. We will learn how it allows some 

things to readily cross and prevents others. Hopefully you will gain an appreciation 

of its complexity and come to realize how important it is to cellular function.  

FLUID MOSAIC MODEL OF THE MEMBRANE 

The plasma membrane is more than just a sack to hold the contents of the cell. It 

plays an important role in cellular function and the maintenance of homeostasis. 

One obvious function is to regulate what enters and leaves the cell. This process is 

highly coordinated and very specific. In addition, the cell membrane responds to 

countless chemical messengers in ways that alter the activity of the cell. As we 

discuss the structure of the plasma membrane, keep in mind that this description 

also applies to other membranes that are components of intracellular organelles.  
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Our modern model of the cell membrane is called the " Fluid Mosaic Model  of the 

Cell Membrane." The word , fluid implies that the membrane is constantly changing 

and moving. Indeed, it is not a static structure, but one that changes as the cellular 

needs change. A good example of this fluidity can be seen with the uptake of 

glucose into muscle cells. The plas ma membrane of these cells is not normally 

permeable to glucose, preventing it from entering the cell. Only when a signal 

molecule, insulin, is present can glucose enter. The presence of this signal results in 

the insertion of special glucose transporters into the membrane, allowing glucose 

to enter the cell. When insulin is no longer there, the carriers are removed, 

demonstrating the ability of the membrane to change, depending on the needs of 

the cell. Additionally, components of the membrane are not rigi dly fixed in one area 

but often have the freedom to move laterally within the membrane. The term, 

mosaic conjures up an image of a picture composed of numerous small, and 

different pieces. Indeed, the membrane contains many different components that 

make u p the intact membrane. The following link shows the structure and function 

of the membrane: http://www.youtube.com/watch?v=Qqsf_UJcfBc (Transcription 

Available ). 

  

COMPOSITION OF THE MEMBRANE  
 

LIPIDS 

A key component of the membrane is a  double layer of phospholipids, the 

phospholipid bilayer . This bilayer forms the scaffolding into which  the other 

components of the membrane are housed. Recall phospholipids are composed of a 

hydrophilic head containing a phosphate group and two hydrophobic tails 

composed of long chain fatty acids. This bilayer has a central hydrophobi c region 

and two outer hydrophilic sections, one facing the aqueous interior of the cell, and 

one facing the aqueous extracellular space (see figure below).  

https://www.youtube.com/watch?v=Qqsf_UJcfBc
https://content.byui.edu/file/9f4640bb-739d-4e38-a8c9-0ecb9968705e/1/Fluid%20Mosaic%20Model.rtf
https://content.byui.edu/file/9f4640bb-739d-4e38-a8c9-0ecb9968705e/1/Fluid%20Mosaic%20Model.rtf
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Image created by BYU-IU student, Hannah Crowder 2013 

In water, phospholipids can form a bilayer. The hydrophobic fatty acid tails turn away from 

the water and the hydrophilic phosphatesheads turn towards the water.  

The hydrophobic core of the membrane creates a barrier, preventing the 

movement of hydrophilic  substance such as ions and large polar molecules across 

the membrane. Hydrophobic (lipid soluble) materials, on the other hand typically 

move readily across the membrane. Because some things easily pass through the 

membrane and others do not, we describe the membrane as being selectively 

permeable . The following link may help you better understand the concept of 

selective permeability:  

http://www.youtube.com/watch?v=5jZXCDcM14g (Transcription Available )  

In addition to the phospholipids, another important lipid found in membranes is 

cholesterol. Cholesterol i s a hydrophobic molecule and resides among the fatty 

acids tails of the phospholipid bilayer. As mentioned above, the membrane exhibits 

fluidity allowing movement of components within the membrane. Cholesterol plays 

an important role in helping regulate th e fluidity of the membrane by limiting 

lateral movement of the phospholipids. This is very important because if the 

membrane loses fluidity or becomes too fluid, cellular function may be impaired. 

The presence of cholesterol allows the membrane to maintain  proper fluidity over 

the range of temperatures our cells are exposed to. While it is true that our core 

body temperature remains fairly constant, temperatures in our extremities may 

vary considerably. Think of the range of temperatures the cells in your h ands are 

exposed to. Recent evidence suggests that cholesterol may also play a role in cell 

signaling, due to its influence on the formation of specialized structures in the 

https://www.youtube.com/watch?v=5jZXCDcM14g
https://content.byui.edu/file/9f4640bb-739d-4e38-a8c9-0ecb9968705e/1/Selective%20Permeability%20of%20Membranes.rtf
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membranes, called lipid rafts. Together, phospholipids and cholesterol make nearly  

50% of the membrane.   

PROTEINS 

Making up about another 50% of the membrane are the membrane proteins. The 

figure below  demonstrates the relationship of the membrane proteins (blue) with 

the phospholipid bilayer (red). Note that some of the proteins are fo und only on the 

surface of the membrane. These are called peripheral or extrinsic proteins 

because they do not extend through the membrane. One function of the peripheral 

proteins is to attach the membrane to the cytoskeletal proteins inside the cell, or t o 

proteins of the extracellular matrix. For example, the cells lining the blood vessels 

utilize peripheral proteins to attach to the tissues outside the  vessel, thus, holding 

the cells in place.  

As seen in the figure below, other proteins pass all the way through the membrane.  

 

Image created by BYU-IU student, Hannah Crowder 2013 

Model of the cell membrane demonstrating the relationships between the lipids, proteins, and carbohydrates. 
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These proteins are called integral or intrinsic proteins and have segments that 

associate with the hydrophobic region of the membrane. These integral proteins 

perform a number of important functions in the cell. Based on their functions, 

these integral proteins can be grouped into the following categories:  

Transport prot eins   

Integral proteins can act as channels allowing hydrophilic materials, such as ions, 

to cross the membrane. You can picture these proteins as looking like  tubes 

between the interior and exterior of the cell (see figure below). These channel 

proteins a re usually gated, meaning that, like a door, they allow substances to cross 

only when they are open. We will have more to say about channel gating later.  

   

 

Image created by BYU-IU student, Hannah Crowder 2013 

Channel proteins allow solutes, such as ions , to move across the membrane.  

Another type of transport proteins are carrier proteins (see next figure below). 

Carriers have sites that bind to specific solutes. For example, one type of carrier 

binds with glucose, while another carrier binds to urea. Onc e the solute binds, the 

carrier protein changes shape, allowing the solute to move across the membrane. 
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Imagine a revolving door. As these doors turn, they are open to either the inside of 

the building or to the outside, but never to both at the same time.  You can enter a 

revolving door from the outside of a room and move the door so that it is now 

open to the inside of the room. At no time, in this process was the door open to 

both sides at the same time. This is, essentially, how carrier proteins work. Ra ther 

than pushing against the door, the binding of the solute causes the protein to 

change shape and open to the opposite side of the membrane. Carrier proteins 

bind to solutes and then move them across the membrane by changing shape.  

 

Image created by BYU-IU student, Hannah Crowder 2013 

  

Enzymes   

Integral membrane proteins can  function as enzymes, catalyzing important  

chemical reactions. The enzyme, lactase that digests the disaccharide lactose in the 

small intestine, is an integral membrane protein in t he cells that line the lumen of 

the duodenum. Lack of, or insufficient amounts of this enzyme is responsible for 

the discomfort associated with lactose intolerance.  
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Receptor Proteins   

Integral proteins may act as receptors and allow the cell to respond to chemical 

messengers which regulate the activities of the cell. For example, epinephrine 

(adrenaline) binds to receptors on cardiac muscle cells causing your heart to beat 

faster when you are frightened.  

 

Image created by BYU-IU student, Hannah Crowder 2013 

An important function of membrane proteins is to act as receptors that respond to 

chemical signals. When a chemical signal binds to one of these receptors, it 

transmits a signal to the inside of the cell that regulates cell function. As a very 

importa nt example (that will come up multiple times in this course), we will look at 

one of the most abundant of these receptors, the G protein -coupled receptor 

(GPCR). The GPCR receptor complex is composed of two units: a receptor protein 

that binds to the chemical signal (the ligand), and the G -protein complex associated 

with the inner leaflet of the membrane. The receptor passes all the way through the 

membrane with a ligand binding site on the external surface and a G protein 

binding site on the internal surface. The G protein complex is composed of three 

subunits called the alpha, beta, and gamma subunits. The alpha subunit has a site 

that can bind Guanosine Triphos phate (GTP) or Guanosine Diphosphate (GDP) , 

hence the name  "G" protein. At rest, the G protein is bound to GDP and the three 

subunits (alpha, beta, and gamma) are bound together. When a ligand binds to the 
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receptor on the surface of the cell, the G protein  binding site changes shape, 

allowing the G protein to bind to the receptor. This binding causes the G protein to 

change shape and the GDP exits the binding site on the alpha subunit and is 

replaced by GTP. The binding of GTP causes the alpha subunit to se parate from the 

other two subunits (beta/gamma dimer). Once separated, the alpha subunit is 

activated and can turn on other processes inside the cell. The mechanism of action 

is typically mediated by one of two enzymes, adenylyl cyclase and phospholipase C . 

These signals initiate a cascade of events resulting in changes of cell function. 

Cellular responses include: activation of metabolic enzymes, opening or closing ion 

channels, turning on transporters, initiating gene transcription, regulating motility, 

regulating contractility, stimulating secretion, even controlling memory. After a 

short period of time, the GTP is broken down to GDP and phosphate allowing the 

alpha subunit to reunite with the beta/gamma dimer, turning off the signal.  

To date, approximate ly 800 genes for G protein -coupled receptors have been 

identified. G -proteins are very common in physiology and it is important to study 

the details known about this receptor. Ligand activation and the detailed 

mechanism of effect on the G -protein is illus trated in the following figure.  
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Image drawn by JS Falll 2014 
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Attachment Proteins   

Integral proteins are involved in attaching  cells to each other as well as to the 

extracellular matrix and to intracellular structural proteins. Often a peripheral 

prote in functions as a link between the integral proteins and the structural  proteins 

or the matrix. These attachments give cells their strength and shape. The inability 

to form these connections can result in a number of pathological conditions, 

including musc ular dystrophy.  

Marker Proteins   

These proteins allow cells to identify one  another. Functions of these marker 

proteins include the ability of sperm cells to recognize the oocyte during 

fertilization, as well as the ability of our immune cells to distingui sh between our 

own cells and a foreign cell, such as a bacterial cell, that might be trying to invade 

our bodies.   

   

CARBOHYDRATES 

In addition to lipids and proteins, the membranes also  contain carbohydrates. 

These are short -chained polysaccharides (oligo saccharides) that attach to the 

proteins and lipids on the  extracellular layer of the membrane. If attached to a 

protein, they are called glycoproteins,  and if attached to a lipid, they are called 

glycolipids . One function of the carbohydrates is to partic ipate  with the proteins in 

forming specific markers. Your blood type (A, B, AB or O), for example, is 

determined by the carbohydrates attached to proteins on your red blood cells. 

Additionally, some cells, such as the apical surface of epithelial cells hav e a dense 

layer of glycoprotein referred to as the glycocalyx. The glycocalyx has been 

implicated in cell recognition during development, adherence of cells to each other, 

and playing a role in the permeability of the membranes.  
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MEMBRANE TRANSPORT 

One of the primary functions of the membrane is to separate the intracellular 

environment from its extracellular environment. This separation is crucial for the 

maintenance of the proper conditions for cell function. In order to perform this 

important function , the membrane must regulate what enters and leaves the cell. 

For example, the proper nutrients must be allowed to enter, and wastes must be 

allowed to leave the cell. Additionally, some things must not be permitted entrance 

to or exit from the cell. In th is section we will discuss the ways that various 

substances are moved across the plasma membrane.  

 

Passive vs Active Processes 
Processes that move substances across membranes can be grouped into two 

general categories based on whether the process requires an input of cellular 

energy or not. If no energy input is required for the transport, then we say particles 

move via a  passive transport process . On the other hand, if the process requires 

cellular energy, usually in the form of ATP, then it is an  active t ransport process . 

 

Simple Diffusion  
Diffusion is a process that results from the fact that molecules are constantly in a 

state of random movement. They move in a straight line until they collide with 

another molecule and then move off in a different direct ion. If there is an initial, 

unequal distribution of the molecules (i.e. more concentrated in one area than 

another) the constant random movement and collisions cause them to eventually 

become equally distributed. This process of gradual movement from wher e they 

are more concentrated to where they are less concentrated is called diffusion. We 

refer to the concentration difference as the  concentration gradient . 

Therefore, substances diffuse down their concentration gradients (from high to low 

concentration).  Once the molecules are evenly distributed, we say that we have 

reached a state of  diffusion equilibrium  and even though the molecules are still 

moving, there is no longer any net change in concentration. You can observe this 

phenomenon by carefully placin g a drop of food coloring into a glass of water. The 

dye gradually moves through the liquid until it is evenly dispersed in the water. In 

the body, if the material in question can pass through the cell membrane without 

the aid of a membrane protein, we ref er to the process as  simple diffusion . 

Solutes that cross the membrane by simple diffusion tend to be hydrophobic. 
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Examples of substance that cross the membrane by simple diffusion are the gasses 

CO2 and O2. The following video demonstrates the process of diffusion and 

explores some of the factors that influence the rate of diffusion. See if you can 

answer the questions posed in the video before reading the next section.  

http://www.yout ube.com/watch?v=H7QsDs8ZRMI  (Transcription Available ) 

 

 

Image created by BYU-I student, Hannah Crowder, 2013 . 

 

(Top panel) Diffusion of solute from right ( high concentration) to the left (low 

concentration) until an equilibrium is established. Once a diffusion equilibrium 

exists, there will no longer be any net movements of solute (lower panel).  

Factors That Affect the Rate of Diffusion  

The rate at which the  solute diffuses is affected by several factors.  

Concentration gradient: The greater the difference between the concentrations on 

the two sides of the membrane, the faster the rate of diffusion.  

 

https://www.youtube.com/watch?v=H7QsDs8ZRMI
https://content.byui.edu/file/9f4640bb-739d-4e38-a8c9-0ecb9968705e/1/Diffusion.rtf
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Temperature: The higher the temperature, the faster molecules move. So, as 

temperature  increases, the rate of diffusion increases.  

 

Size of molecule: Smaller molecules tend to travel further before colliding with other 

molecules,  so diffusion rates are faster for smaller molecules.  

 

Viscosity of the medium: The viscosity  is a measure of the "thickness" of the solvent. 

An increase in viscosity decreases the rate of diffusion.  

 

Membrane permeability:  Since we are talking about movement of solutes into and 

out of the  cell, the permeability of the membrane to th e solute will affect how fast 

solutes diffuse across the cell membrane. For example, ions and other charged 

molecules that are hydrophilic do not readily cross the membrane due to the 

hydrophobic core of the bilayer. Conversely, oxygen and carbon dioxide, both non -

polar molecules, can readily diffuse through the membrane.  

 

Surface area: The greater the surface area of the membrane, the faster the rate of 

diffusion  across the membrane. Areas in our bodies, where diffusion is especially 

important, typically e mploy structural modifications that increase the available 

surface area. For example, in the lungs, the hundreds of millions of small alveoli 

have a total surface area of nearly 70 square meters for gas exchange! 

Approximately the same size as a typical 2 bedroom apartment in Rexburg.  

 

Distance: Diffusion is quite rapid over short distances but gets slower the further it 

goes. The time it takes for something to diffuse is proportional to the square of the 

distance. Therefore, if it takes 1 second to diffuse  1 cm, it would take 100 seconds 

to diffuse 10 cm, and 10,000 seconds to diffuse 100 cm. So to go 100 times further 

takes 10,000 times longer. In the body, diffusion is quite sufficient to cross the thin 

cell membrane, but to travel long distances by diffu sion would be very slow. This is 

why we have other mechanisms like the blood circulation for moving substances 

long distances.  

 

Facilitated diffusion  
Not all solutes can pass directly through cell membranes. Molecules that are large, 

or that have an electrical charge, generally are prevented from moving through the 

membrane. However, many of these solutes need be able to enter or leave the cell. 

So how does the cell solve this dilemma? Recall that embedded in the cell 
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membrane are several types of proteins that pass completely through the 

membrane, the integral membrane proteins. There are a number of specialized 

integral proteins what assist in the diff usion of solutes across the membrane. This 

type of diffusion is referred to as  facilitated diffusion.  Facilitated diffusion can 

occur in two different ways. The first is via  channel proteins . These channel 

proteins resemble fluid filled tubes through which  the solutes can move down their 

concentration gradients across the membrane. These channels are often 

responsible for assisting ions such as Na +, K+, Ca2+ and Cl-cross the membranes. 

Even though they are open tubes, they are often very specific for the io ns that pass 

through them. For instance, a K +channel may allow K + to pass through, but not 

Na+ or Cl-. Also, as we shall learn later, the regulation of the movement of the 

various ions across the membranes is crucial for many important cellular functions. 

These channels, therefore, are often gated (they have doors or gates that can be 

opened or closed). Depending on the channel, these gates may respond to voltage 

difference across the membrane ( voltage -gated channels ), specific signal 

molecules ( ligand -gate d channels ), or even stretching or compressing the 

membrane ( mechanically -gated channels ). 

 

The second type of facilitated diffusion utilizes  carrier proteins  in the membrane. 

Unlike the channel proteins, these carriers do not open to both sides of the 

mem brane simultaneously. Instead, they bind to a specific solute on one side of the 

membrane. This binding causes the carrier to change shape, which moves the 

solute to the other side of the membrane (think of a revolving door). Like the 

channel proteins, the se carriers can be very specific for the solute they transport, 

since the solute must bind to a receptor site that is designed to fit the specific 

solute. Another interesting characteristic of these carriers is that they have a 

maximum rate of transport an d can thus become  saturated  if the solute 

concentration is high enough. More on this later. An important family of carrier 

proteins transport glucose across cell membranes. To date, 12 carriers in this family 

have been identified. They are simply identifie d as GLUT1 through GLUT12. Their 

distribution and specificity varies. For example,  GLUT2 is found in the liver and 

pancreatic islets while  GLUT4 is found in skeletal muscle and fat tissue. 

Interestingly, GLUT4 is the only one of these carriers that require s insulin for 

maximal activity. As mentioned above, one of the characteristics of carrier proteins 

is that they can become  saturated . One of the symptoms of uncontrolled diabetes 

is the presence of glucose in the urine. This is due to the fact that so much  glucose 

is entering the kidney tubules that the transporters that normally move the glucose 

back into the blood become saturated, and the excess glucose ends up in the urine. 
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Below are two links to videos that demonstrate the properties of the passive 

pro cesses we have been discussing.  

http://www.youtube.com/watch?v=GFCcnxgXOhY  (Transcription Available ) 

http://www.youtube.com/watch?v=JShwXBWGMyY&NR=1  (Transcription Available ) 

 

Active Transport  
To this point, the transport processes we have discussed have all been passive 

processes in which the solute, or the water movement has been down a 

concentration gradient with no input of  energy required. However, there are times 

when it is important for the cell to be able to move solutes against their 

concentration gradient. Just like moving water from the first to the top floor of a 

high -rise building these processes require an energy s ource. Processes that require 

energy are called  active transport  processes. 

 

Primary Active Transport  

Primary active transport can move solutes, such as ions against their concentration 

gradient. This process requires a carrier protein that is much like th e proteins 

involved in carrier -mediated diffusion mentioned above. However, in this case, the 

carrier has a site for the binding of ATP, which provides the energy to move the 

solute against its gradient. These transport systems can move one, or multiple io ns 

across the membrane. One of the most important active transport systems is 

the  Na +,K+-ATPase (see figure below). This system moves sodium out of the cell 

and moves potassium into the cell. Each cycle of the pump moves 3 sodium ions 

out and 2 potassium ions into the cell. Potassium is the primary intracellular cation 

in the body while sodium is the primary extracellular cation and Na +, K+-ATPase is 

responsible for maintaining this distribution.  

 

 

 

https://www.youtube.com/watch?v=GFCcnxgXOhY
https://content.byui.edu/file/9f4640bb-739d-4e38-a8c9-0ecb9968705e/1/D-Transport%20Proteins.rtf
https://www.youtube.com/watch?v=JShwXBWGMyY&NR=1
https://content.byui.edu/file/9f4640bb-739d-4e38-a8c9-0ecb9968705e/1/Cell%20Membrane%20Passive%20Transport.rtf
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Image created at BYU-I by MG, 2013 . 

 

Na +,K+-ATPase pumps 3 Na + ions out of the cell and 2 K + ions into the cell with the aid of ATP.  

  

Secondary Active Transport  

Like primary active transport, secondary active transport also moves solutes 

against their concentration gradients. However, with secondary activ e transport, 

ATP is not directly involved in the pumping of the solute. Instead, this process uses 

the energy stored in concentration gradients to move the solute. Since sodium is 

always in higher concentration outside of the cell (due to primary active tr ansport), 

the sodium gradient is often used to power secondary active transport. In this 

process, the carrier protein has a binding site for the solute to be transported as 

well as a binding site for sodium. Once both solutes have bound, sodium moves 

down its concentration gradient and moves into the cell, much like what happens 

with carrier -mediated diffusion, and in the process pulls the other solute into the 

cell (symport ), or moves it out of the cell ( antiport ), against its concentration 

gradient. A num ber of organic molecules are transported across membranes by 

this process, such as glucose and amino acids. ATP energy is required to generate 

the sodium concentration gradient, but is not directly involved in moving the 

desired solute across the membrane;  hence the designation as secondary active 

transport.  

 

Bulk Transport  
To this point we have been talking about the movement of relatively small solutes 

across the cell membranes, i.e. ions and small organic molecules. There are 

instances, however, when it is necessary to move much larger materials across the 

membrane, such as when a macrophage engulfs a bacterium, or when larger 
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amounts of a given material are released from a cell, such as the release of a 

hormone. These processes also require ATP and are t herefore examples of active 

transport, but they move materials in a very different way.  

Endocytosis  is the bulk transport of material into the cell. There are several types 

of endocytosis and we will briefly explore each one. First let's 

discuss phagocytos is (see figure below), which means "cell eating." Only a limited 

number of cells are capable of phagocytosis, specifically cells of the immune 

system. In this process the cell sends extensions of its plasma membrane, called 

pseudopodia out and around the p article to be phagocytized. As 

these pseudopodia  surround the particle, they eventually fuse, creating a vesicle 

containing the particle. This  phagosome  can then unite with a lysosome inside the 

cell and the engulfed material can be digested for use within  the cell. Watch an 

amoeba phagocytize a paramecium in this 

clip http://www.youtube.com/watch?v=aWItglvTiLc . (Transcription Available ) 

In this next clip watch a neutrophil, one of our white blood cells, chase down and 

phagocytize a 

bacterium.  http://www.youtube.com/watch?v=VAhM9OxZDkU&feature=related  

 

 

Image created by BYU-I student, Hannah Crowder, 2013 . 

 

In phagocytosis the cell membrane forms processes th at surround and engulf a particle to be 

brought into the cell.  

 

https://www.youtube.com/watch?v=aWItglvTiLc.
https://www.youtube.com/watch?v=aWItglvTiLc.
https://content.byui.edu/file/9f4640bb-739d-4e38-a8c9-0ecb9968705e/1/Phagocytose%201.rtf
https://www.youtube.com/watch?v=VAhM9OxZDkU&feature=related
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A second type of endocytosis is  pinocytosis,  or "cell drinking." In this process, 

rather than send out pseudopodia, the cell membrane simply invaginates, forms a 

pocket, and engulfs anything i n the fluid that is taken into the cell (see figure 

below). Unlike phagocytosis, pinocytosis occurs in most cells of the body. The cells 

are not interested in the water in the vesicles, but any solutes that might be 

brought in. As you can imagine, this is not a very efficient way of bringing materials 

into the cell because it is nonspecific and brings whatever is in the fluid into the cell. 

It provides cells with a nonselective mechanism for sampling the extracellular 

environment. It is prominent in cells i nvolved in moving large amounts of material 

across the membrane, like cells of the intestines and the kidneys.  

 

 

Image created by BYU-I student, Hannah Crowder, 2013 . 

 

In pinocytosis the membrane forms an invagination (pocket) that pinches off, bringing into 

the cell the fluid in the pocket along with any solutes in the fluid.  

 

A much more efficient mechanism for bringing specific solutes into the cell 

is receptor Ȥmediated endocytosis . As the name implies, this mechanism employs 

specific receptors that bind to the material ( ligand ) to be brought into the cell. 

Once the material binds, the receptor Ȥligand complex migrates to a specific area of 

the membrane, a clathrin Ȥcoated pit, which is then brought into the cell by a 

process similar to pinocytosis (see  figure below). The advantage of receptor Ȥ

mediated endocytosis is that it can engulf large amounts of a specific solute. The 

following two animations demonstrate how this process occurs. The first is a 
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general mechanism for receptor mediated endocytosis an d the second shows how 

a specific molecule, cholesterol, is brought into the cell by this process.  

 

 

Image created by BYU-I student, Hannah Crowder, 2013 . 

 

In receptor mediated endocytosis, ligands bind to specific receptors, which then migrate to a 

clat hrin Ȥcoated pit. The contents are then brought into the cell by a process similar to 

pinocytosis.  

 

Thus far we have been discussing bulk transport, bringing material into the cell. 

There is also a need to export material from the cell into the extracellular fluid. This 

process is called  exocytosis . For example, exocytosis is the process by which the 

beta cells of the pancreatic islets secrete insulin into the extracellular fluids. The 

mechanism is essentially the reverse of endocytosis.  Secretor y vesicles  filled with 

the material to be released migrate to the plasma membrane where the membrane 

of the vesicle fuses with, and actually becomes part of the plasma membrane (see 

figure below). The material that was in the vesicle suddenly finds itself outside of 

the cell. The usual signal that initiates this process is the entry of calcium ions into 

the cell. Recall that calcium is an extracellular ion, so there is a large diffusion 

gradient for calcium to move into the cell. The opening of gated calciu m ions, 

allowing calcium to diffuse into the cell, initiates the exocytosis process. The links 

below show how this might work.  

http://www.youtube.com/watch?v=4gLtk8Yc1Zc  (Transcription Available ) 

http://www.youtube.com/wat ch?v=K7yku3sa4Y8&NR=1 

https://www.youtube.com/watch?v=4gLtk8Yc1Zc
https://content.byui.edu/file/9f4640bb-739d-4e38-a8c9-0ecb9968705e/1/Cell%20Membrane%2C%20Exocitosis%20%26%20Endocitosis.rtf
https://www.youtube.com/watch?v=K7yku3sa4Y8&NR=1
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Image created by BYU-I student, Hannah Crowder, 2013 . 

 

In exocytosis, secretory vesicles migrate to the cell membrane where the vesicular 

membrane fuses with the plasma membrane, releasing the vesicles contents into the 

extracellular fluid.  
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OSMOSIS 

A special type of passive transport is the movement of water across a membrane, 

or  osmosis . By definition, osmosis is the diffusion of water through a  selectively 

permeable  membrane from an area of high water potential (low  solute 

concentration) to and area of low water potential (high solute concentration). 

Therefore, for osmosis to occur, the membrane must be permeable to water, but 

impermeable to the solute, and the concentration of the solute must be different 

on the two  sides of the membrane. Water will move from the side with lower solute 

concentration to the side with higher solute concentration until the concentrations 

are equal, or until some external force prevents further movement of water. This is 

a passive proces s, in that no energy expenditure is required for the movement of 

water. In an artificial system such as the one depicted in the figure below, water will 

attempt to move from chamber B to chamber A. Since chamber A is a rigid 

chamber, pressure will develop.  The pressure that is just sufficient to prevent water 

from moving across the membrane is referred to as  osmotic pressure . 

 

Image by BYU-I student, Hannah Crowder, 2013. 

Movement of water from chamber B to chamber A will generate a pressure known as osmot ic 

pressure.  

 

In the body, water will move into or out of cells, depending on the solute 

concentration (osmolarity ) of the extracellular fluids vs. the intracellular fluids. If the 

solute concentration in the extracellular fluid is lower than the solute concentration 

in the cell, water moves into the cell and the cell will swell. Before we can explain 

why cells shrink  or expand when placed in a certain kind of solution, we first need 

to discuss the difference between osmolarity and tonicity.  
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Earlier this semester we discussed how the concentration of particles in a solution 

is expressed as osmolarity. Recall that osmla rity represents the number of moles 

of  particles per liter of solution, while molarity represents the number of moles 

of  molecules per liter of solution. Why do we have these different ways of 

expressing concentration? We have to change because different s ubstances behave 

differently in solution. For example, when NaCl is dissolved in water, it breaks apart 

into Na + and Cl- ions (this is a characteristic of substances held together by ionic 

bonds). Thus, there are now twice as many particles than there were  when the 

substance was dry. Consequently a  1 molar  solution of NaCl would be a  2 

osmolar  solution. Glucose is different. Glucose doesn't break apart in water because 

the atoms are covalently bonded. Therefore, a 1 molar solution of glucose will also 

be a 1 osmolar solution. The concentration of solutes in body fluids is 285 -295 

mOsmoles/liter (for simplicity we often round this number to 300). We place the 

small m, which stands for milli or one -housandth, in front of osmole because we 

are dealing with very  small amounts, 1000 times less than an osmol. Osmolarity is a 

useful term because now we can use words to describe solutions like isosmotic, 

which means two solutions have the same number of particles, or hyperosmotic 

which means one solution is more conc entrated than the other, or hyposmotic 

which means that one solution is less concentrated than the other. (Note: 

Osmolarity takes into account all of the particles in the solution. Therefore, if you 

have a liter of solution containing one mole of glucose a nd one mole of NaCl you 

would have a  three osmolar solution.)  

 

Perhaps the most important concept when talking about solutions and how they 

affect the body is  tonicity . Tonicity (G. tonus, tone = firmness or stretch of a tissue) 

is a term used to describe how a solution affects a cell when it is placed into the 

solution. One important characteristic is that now we begin to deal with 

membranes and particles. Why are cells affected by different solutions? The answer 

lies in the behavior of particles with rega rd to diffusion. Particles will tend to diffuse 

from areas of high concentration to areas of lower concentration to reach 

equilibrium. However, if the membrane is not permeable to the particles, then 

instead of particles moving or diffusing, water will mov e or diffuse through the cell 

membrane to reach equilibrium. Additionally, at equilibrium, the osmolarities of the 

two solutions will be the same. We call the movement or diffusion of water 

osmosis, as was mentioned above. When water moves out of a cell, t he cell shrinks; 

likewise, when water moves into a cell, the cell swells. Thus, if we place a cell into an 

isotonic solution, the cell shape won't change because the solutions are already in 

equilibrium, so there will be no net movement of water or solutes  across the 

membrane. In other words, isotonic solutions have the same concentration of 
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osmotically active particles (osmotically particles are non -permeable particles) as 

are found in the cell. If the cell swells, we say that the solution was hypotonic, a nd if 

the cell shrinks (crenates) we say the solution was hypertonic.  

 

It seems simple enough. Water moves when the particles are impermeable to the 

membrane; however, when particles are permeable, the particles will diffuse 

through the cell membranes, ins tead of water. Remember the intracellular and 

extracellular fluids in the body always move to equilibrium, either by movement of 

solutes, if they can cross the membrane, or by the movement of water, if the 

solutes cannot cross. Let's look at another exampl e. Five percent dextrose 

(dextrose is another name for glucose) is isosmotic with regard to body fluids 

because it has the same number of particles as blood; however, glucose is 

permeable to cell membranes. Thus, a 5% dextrose solution (D5W) may be 

isosmot ic to the cells, but it behaves as a hypotonic solution Ɂthe solute moves into 

the cells accompanied by water, causing the cells to swell. Here is another way to 

think of osmolarity and tonicity; osmolarity can be used to compare the 

concentration of solute s in two solutions. It can also be used to compare the 

concentration of the solutes in a solution with those in the cell, before equilibrium 

is achieved. Tonicity is used to describe what effect the solution has on the cell. 

Osmolarity doesn't take into ac count the nature of the solutes while tonicity is 

dependent upon the concentration of the  nonpermeable solutes.  

 

The figure below shows what happens to red blood cells when they are placed into 

hypertonic, isotonic or hypotonic solutions.  
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Title: File:Osmotic pressure on blood cells diagram.svg; Author: LadyofHats; Site: 

https://commons.wikimedia.org/wiki/File:Osmotic_pressure_on_blood_cells_diagram.svg; License: Public Domain 

 

When placed in a hypertonic solution, red blood cells will shrin k or crenate. When placed in 

an isotonic solution, there will be no change in volume, and when placed in a hypotonic 

solution, they will swell. If the concentration of the solution is great enough, they will burst 

(lyse).  

 

The link below shows what happens  to a wilted plant when it is placed into a 

hypotonic solution.  

http://www.youtube.com/watch?v=H6N1IiJTmnc  

 

 

 

 

 

 

 

 

 

https://www.youtube.com/watch?v=H6N1IiJTmnc
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To check our understanding, complete the table below by filling in t he missing 

column items with regard to osmolarity and tonicity. Use the terms iso, hypo, and 

hyper to complete the table.  

 

SOLUTION OSMOLARITY TONICITY 

0.9 % Saline 

  

5% dextrose  

  

5% dextrose + 0.9% Saline 

  

0.45% Saline 

  

5% dextrose + 0.45% Saline 

  

 

You have been given the  answers  for the table above. Be sure you understand why 

the answers are what they are.  

 

**Note : Other texts, even hospitals on occasion, tend to use less rigorous 

definitions of tonicity. In other words, definitions are loosely given to define all 

hyperosmolar solutions as hypertonic. This is based on the observation that water 

can cross the membra ne faster than the permeable solute can cross. It may also be 

based on the incorrect assumption that tonicity and osmolarity are the same thing. 

Thus, the  initial  effect of an abrupt change in extracellular osmolality may be 

temporarily different from the predicted tonicity change.  

 

In other words, a 5% dextrose solution in saline would be considered hypertonic 

because there are more than 300 mosm of solutes in this solution. The problem 

with this definition is that it does not distinguish tonicity from osm olarity, as it 

makes no reference of whether the solutes are permeant or non -permeant, with 

respect to a particular membrane. We believe that loose definitions create 

confusion and therefore have defined tonicity by the more rigorous definition of 

"effecti ve osmolarity."  

file://///iDrive/biology/Bio%20264%20and%20265%20Textbooks/BIO%20264%20Textbook/module5/readings/answers.html
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INTRODUCTION TO ELECTROPHYSIOLOGY 

One of the most difficult concepts you will encounter on your journey to becoming 

a budding student of Anatomy and Physiology is  electrophysiology . Electro what? 

Exactly! However, we are confident that afte r a few light pages of reading, youll be 

able to use electrophysiological principles in your everyday conversations. Why is 

this subject so important? For starters, consider this quote from President John 

Taylor: " ...I could show you upon scientific principles that man himself is a self -

registering machine, his eyes, his ears, his nose, the touch, the taste, and all the 

various senses of the body, are so many media whereby man lays up for himself a 

record..." (Pres. John Taylor,  Journal of Discourses, 26:32.). In more scientific terms, 

the body is able to take external stimuli (i.e. light, sound, smell, taste) using various 

sensory organs of the body, and convert these stimuli into unique perceptions in 

the brain. How the body converts the various type s of stimuli from outside sources 

to inside signals is a major emphasis of electrophysiology. In addition, consider how 

your brain decides to take your little pinky finger and probe inside your nasal cavity 

looking for that little gold nugget. How about th e magic that occurs when you put 

your hand in your pocket, and using mechanoreceptors on your fingers, pull out 

the exact item you seek, without even looking at it! Well, with any luck, after you are 

done with this section you should be able to explain the  "magic" behind these 

different phenomena.  

 

Ions and Cell Membranes  
Review of Ions  

Electrophysiology, by definition, is the study of the electrical properties of biological 

cells. It involves measurements of electric current and electrical activity of neurons 

and other cells. When we talk about electrical properties of cells, what we are  really 

talking about is the cell membrane and how it interacts with ions (charged atoms). 

You have learned that atoms consist of equal numbers of positively charged 

protons and negatively charged electrons, unless they give up or accept electrons. 

Recall that those atoms that give or accept electrons become charged and are 

called ions. When we take an ionic compound like NaCl and place it into water, the 

two ions dissociate (come apart) and become free floating ions. In the case of NaCl, 

these ions are Na + with a net positive charge and Cl -, with a net negative charge. 

These ions, Na+ and Cl-along with Ca ++, H+, and K+ are very important in the human 

body.  
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Separating Charges  

We all know that opposites attract; just walk around the gardens at night on a war m 

summer evening ... wait, don't do that; at any rate, opposites attract. If we can 

somehow separate opposite charges from one another and then keep them 

separated, but maintain the possibility of reuniting, we can generate quite a bit of 

energy. Consider what happens when you rub a balloon on your head. A good 

balloon rubbing can elicit hours of FHE fun. When we add work (energy) by rubbing 

the balloon on the head, we cause a separation of electrical charge. In other words, 

we cause the electrons from your  hair proteins to move from your hair to the 

balloon surface. The balloon surface gains an attractive force called static electricity. 

When we put the balloon close to other people's hair, their hair shafts will become 

attracted to the opposite charges on the balloon. Two important things come out of 

this analogy; first, opposites attract, and second, it takes energy, or work to 

separate charges. In the body, the cell membrane has the ability to separate 

charges by performing work; the charges do not result  from the separation of 

electrons, but rather the separation of charged ions. This separation occurs 

through the action of an ATP driven pump called the sodium/potassium ATPase 

pump.  

Two very important terms to remember when dealing with the electrical pro perties 

of cells are the  resting membrane potential  and the  action potential . These 

terms will be discussed in more detail through this chapter and it will be important 

for you to develop a complete and detailed understanding of these concepts.  

The word, p otential, means having electrical charge. Thus, when we talk about the 

potential that a cell membrane has because it has separated ions, we refer to it as 

the resting membrane potential. Later, we will talk about the membrane when it 

utilizes its potential , and we will call it the action potential. The resting membrane 

potential is due to specific ions, mainly potassium, and its tendency to diffuse down 

a concentration gradient until opposed by an electrical force of opposite, but 

similar magnitude. That is  a mouthful!  

ANALOGY 
To simplify, let's try an analogy. The figure below represents an artificial system of 

two chambers (A and B) separated by a membrane. We will assume that the 

membrane is permeable to cations (positively charged ions), but not to anion s 

(negatively charged ions). If we placed two different concentrations of a KCl solution 

into each chamber, say we placed a 0.1 M solution of KCl in chamber B and a 0.01 

M solution of KCl in chamber A, what would happen?  
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Image Created at BYU-I by JH, 2013. 

 

Artificial container of water with a membrane in the center that is permeable only 

to cations. The membrane has just been placed in this figure and no ions have 

moved yet.  

 

Since the membrane is only permeable to cations, K + will begin to diffuse from  

chamber B to chamber A, which is less concentrated (see figure below).  
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Image Created at BYU-I by JH, 2013. 

 

Artificial container of water with a membrane in the center that is permeable only 

to cations. Note that the cation K+ is starting to move "down its concentration 

gradient" to Chamber A.  

In biology, we say that K + moves down its concentration gradient from high to low. 

When will the diffusion of K + diffusion stop? You might be tempted to say, the two 

concentrations are equal, that is, when K + on side B reaches the same 

concentration of K + on side A. However, the definition that equilibrium occurs only 

when concentrations on either side are the same is only true for non -charged 

substances. The rules change when things are charged. You see, initially no 

electrical difference will exist between the two chambers; however, since the 

membrane is not permeable to Cl -, side B will begin to accumulate negative charges 

because the positive charges are leaving. Stated another way, chamber A will begin 

to accumu late positive charges because the K + cations have moved into this 

chamber (see figure below).  
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Image Created at BYU-I by JH, 2013. 

 

Artificial container of water with a membrane in the center that is permeable only 

to cations. Note that the cation K+ moves "down its concentration gradient" to 

Chamber A, but does not reach a concentration equilibrium because the electrical 

gradient is "pulling K+ back to Chamber B."  

The more K + that flows from side B to side A, the larger will be the charge 

difference, and eventually this will result in an electrical force (electrical gradient) 

that becomes strong enough to oppose the diffusion of K + across the membrane. 

The net flow of K + will stop when the force of the electrical gradient, the attraction 

from the oppos ite Cl-charge, equals the force of the concentration gradient. We call 

this a state of equilibrium, even though the numbers of K + on side B will still be 

higher than side A. Because of the opposite force applied by the lonely Cl - ions, the 

K+ ions will not  be able to move to equal concentrations. When the two forces, the 

electrical gradient and the chemical gradient, equal each other (equilibrium) and 

the net movement is zero, we call the state resting and can refer to the two 

combined gradients as the  elec trochemical  gradient. We have now successfully 

created a state of charge  separation and an electrical potential, because side B is 

now negatively charged compared to side A.  
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MEMBRANE POTENTIALS 

In the cell, we use exactly the same principles as the two ch amber model, except 

that we initially use energy, or work to separate the ions from each other (think of 

our balloon and hair experiment). This energy comes in the form of the 

Na+/K + ATPase pump. This pump moves three Na + ions out of the cell and two 

K+ ions into the cell (see figure below), using ATP (energy) in the process.  

 

 

Image Created at BYU-I by JH, 2013. 

 

Diagram of a cell establishing a resting membrane potential. Shown are 

representations of a K+ channel that allows for the movement of K+ out of the cell, 

a closed Na+ channel that prevents movement of Na+ into the cell and a Na+/K+ 

ATPase pump that moves three Na+ ions out of the cell.  

This pump is found in almost every cell in the body. The pump creates a 

concentration gradient for both K + and Na+. It causes a much higher concentration 

of K+ to exist inside the cell and a much higher concentration of Na + to exist outside 

the cell. This results in a very large concentration gradient for K + to leave the cell, 

and a very large concentration gradie nt for Na + to come into the cell. However, the 

cell membrane, under normal conditions will not let Na + come in, but the 
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membrane is just fine if K + tries to leave. In more physiological terms, the 

membrane contains channel proteins for K + and channel prote ins for Na +, however, 

most channels are closed for Na + and open for K +, resulting in the membrane being 

50-100 times more permeable to K + than Na + under resting conditions.  

 

Resting Membrane Potential  
Thus, due to the large concentration gradient for K +, it will start to leave the cell by 

diffusion. As K+ leaves the cell, it will leave behind negative charges, exactly as our 

model illustrated. In the cell, most of the effect of the lonely negative charge comes 

from negatively charged proteins. The result is  the same; the inside of the cell 

membrane will start to become negative, with respect to the outside of the 

membrane. When the membrane reaches a state of equilibrium, we call the state 

the  resting  membrane potential  and we can actually measure the negati ve 

charge inside the cell. We express the membrane charge in millivolts.  

 

Membrane Potentials and Excitable Tissues  
So what? Who cares if the inside of the cells are negative? Note the word potential. 

In this state, the cell now has potential; or the separ ation of charge. Not every cell 

has the same potential. All cells have been shown to have a charge difference 

between the inside and outside of the cell. The size of this charge differs from cell 

to cell. For example, the resting membrane potential for a n euron is -70mV. 

Although all tissues exhibit resting membrane potentials, some respond in a unique 

and predictable way when they are stimulated. We call these cells excitable. 

Excitable cells have resting potentials that range from -50mV to -85mV, while no n-

excitable cells have potentials that range from -5 mV to -10 mV. Excitable cells 

include neurons and skeletal muscle cells, while non -excitable cells include the red 

blood cell. It doesn't take much imagination to see how neurons and skeletal 

muscle cell s could be much more exciting than red blood cells.  

So, how exactly does a membrane potential result in excitability? Before we can 

fully understand this concept, we need to re -visit the concept of proteins, in 

particular, those proteins that reside in the  cell membrane. First, what are proteins 

doing in the membrane? Remember that membranes are made up of 

phospholipids that have hydrophilic ends (love water) and hydrophobic ends (hate 

water). Because of the nature of phospholipids, the cell membrane is vir tually water 

proof. In fact, it is mostly anything proof, that is, most things cannot cross the 

barrier made by the phospholipids. However, we have seen that cells have proteins 
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embedded in their membranes that can form gated channels for substances to 

leave or enter the cells, for instance the K + channel.  

 

Protein Channels  
The K+ channel is an example of a protein that is arranged in the membrane so that 

it acts as a channel for the passage of K +. Most channel proteins are very specific 

and will only allow  certain things to pass through. At the simplest level, protein 

channels come in two basic types; those that are open all the time ( leak channels ), 

and those that are closed most of the time ( gated ). Gated channels  can be opened 

by several different types of stimuli. If they open in response to electrical changes, 

they are called  voltage -gated ion channels . Those that open in response to 

mechanical stimulation are  mechanical -gated ion channels  and those that open 

in response to a chemical stimulant are call ed chemically -gated,  or  ligand -gated 

ion channels . K+ can move through the membrane through leak channels or gated 

channels. Na + can also move through both types of channels, but in most cells 

there are small numbers of leak channels for Na+ and large numb ers of gated 

channels for Na +. Thus, under normal resting conditions, Na + has a very large 

concentration gradient to enter the cell, but it can't enter because the channel 

protein for sodium is closed. In fact, for most ions, the case is that their specifi c 

protein channel is closed most of the time.  

 

Activation of Voltage Gated Channels  
So what determines if a given channel will be closed or open in response to a given 

stimulus (ie. voltage, mechanical, or ligand)? Proteins have many possible shapes or 

conformations that are dictated by the way in which their amino acids are 

arranged. Consider for example the following hypothetical channel.  
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Image Created at BYU-I by JH, 2013. 

 

Depiction of a Voltage Gated Channel. This depiction shows how charges on amino  

acids can be attracted to or repelled by the "membrane potential" and contribute to 

the open or closed conformation of the "gates."  

Imagine that the protein conformation is such that it acts as a tube through the cell 

membrane, but it has two doors, a doo r on the top that opens towards the 

extracellular compartment and a door on the bottom that opens towards the 

intracellular compartment.  

Now assume that each door portion of the protein has a net negative charge on the 

tip, opposite the hinge. Under restin g conditions the tip of the intracellular door 

would be repelled by the negative charges, but the tip of the outside door would be 

attracted by the positive charges. Thus, at rest, the top door would be closed, and 

the bottom open. If, however, we were abl e to change the charge, even slightly, on 

the membrane, then we could affect the conformation of the protein.  
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If the charge was altered so that the inside suddenly became less negative (see 

figure below; represented by positive charges) and the outside les s positive (see 

figure below; represent by negative charges), then the doors would flip, the outside 

would open, and the inside would close, but during the time between doors 

opening and closing, the channel would be open.  

 

Image Created at BYU-I by JH, 2013. 

 

Depiction of a Voltage Gated channel that has "opened" at the top as the 

membrane potential switches to be positive on the outside. Notice how the gate on 

the inside will be facilitated to close.  

If the channel were permeable to Na +, then Na + could move through the channel 

for a brief moment. Believe it or not, that brief moment of Na + passing through the 

membrane is the basis of excitability. Our hypothetical model is an example of a 

voltage -gated channel. We call it voltage -gated because the gates (doors) of the 

protein respond to voltage or charge changes (ion movement) in the membrane.  

Movement of Ions through Protein Channels  

What happens when a channel that was normally closed is opened? When a 

channel is opened, even though it is for a very bri ef period of time (less than 
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0.5msec), it allows for the specific ion to move through the membrane. What 

happens to the cell during this "open" time depends on the type of ion and the 

direction of movement. For example, since K + is high on the inside of th e cell, the 

direction of movement, based on the concentration gradient will be outward or 

towards the extracellular space. Since K + is a positively charged ion, moving more 

K+ out will result in a loss of positive charges; hence the cell will become even m ore 

negative. But wasn't K + already in equilibrium? Why would the movement of 

K+ change if it was already in equilibrium by simply opening more channels? Well, 

the equilibrium of K + was based on the membrane permeability or the number of 

open channels. By opening more channels, K + will move until a new equilibrium is 

established, with respect to the electrochemical gradient. Diffusion will commence 

until a new electrical gradient is established to oppose the chemical gradient. Thus, 

the inside of the cell w ill become more negative because of the increased 

electrochemical gradient.  

 

Another ion that can cause the membrane potential to become more negative is 

the Cl- ion. In contrast to K +, the concentration of Cl - is highest on the outside of the 

cell so that  opening of a Cl - channel will allow Cl - to diffuse into the cell, also making 

the cell more negative. The opposite is true for Na + and Ca++, both of which are 

positive ions and have concentrations that are highest on the outside of the cell. 

Thus, opening  channels for either Na + or Ca++ will result in the inside of the cell 

becoming more positive as these cations move into the cell. The following table 

shows the relative amounts of ions (mEq/L) and their distribution as they pertain to 

the extracellular an d intracellular fluids.  
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Ion  Extracellular Fluid  Intracellular Fluid  

Na+ 142 10 

K+ 4 140 

Ca++ 2.4 0.0001 

Mg++ 1.2 58 

Cl- 103 4 

HCO3- 28 10 
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GRADED POTENTIALS 

First, some new terminology. Because we are dealing with charge differences and 

electrical currents, we use some unique terms to describe certain states of the 

membrane. At rest, the membrane is in a  polarized  state; polarized because of 

charge separation caused by the different ions. This polarized state is often 

referred to as t he resting membrane potential . As already emphasized, the inside 

of the cell membrane will be negative in relation to the outside of the membrane. 

We can show this graphically by using the units of mV on the y axis, and time on the 

X axis (see figure below ). Thus, any change in the membrane toward zero will be 

termed a  depolarization . Note the prefix  de, which means away from. Any change 

in the membrane that moves back toward the resting potential would be 

a repolarization  with the prefix  re, meaning again.  A change resulting in movement 

away from the resting potential, but in a more negative direction, away from zero, 

will be termed  hyperpolarization  with the prefix  hyper, meaning excessive.  

 

 

Image created at BYU-Idaho, 2013. 

 

Graphical representation of "Graded Potentials ". On the left it shows electrical 

movement away from rest or "polarized state, toward zero called "depolarization". 

The graded potential returns to rest "or polarized state again, but never gets high 

enough to reach threshold. The repres entation on the right shows electrical 
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movement away from rest. This movement is called hyperpolarization and we see 

that hyperpolarization moves farther from threshold rather than towards it.  

Now for some application. Opening channels for Na + or Ca++ woul d cause a 

depolarization, while opening channels for K + or Cl- would cause a repolarization, or 

even a hyperpolarization. These changes in the resting potential come in two forms; 

as graded potentials  or  action potentials.  Graded potentials always precede 

action potentials, so we'll address them first.  

 

With graded potentials, the magnitude of the response is proportional to the 

strength of the stimulus. Hence, a strong stimulus might result in a 10mV change in 

the membrane potentials, while a weaker stimulus may produce only a 5mV 

change. Graded potentials result from the opening of mechanical, or ligand -gated 

channels. Graded potentials can be summed, or added on top of each other to 

increase the change. Stated another way, if a stimulus is repeated over and over it 

can result in an even larger deviation toward zero, from rest or away from rest to 

more negative values. This is the reason why the changes are called graded. The 

amplitude (change in the membrane potential) is determined by the number of 

channels activated, which in turn is determined by the amount of stimulus, for 

example, the concentration of chemicals, or the number of channels. However, if a 

change in the depolarizing direction is really strong, the change may exceed the 

threshold for the cell and the graded potential changes into an action potential. 

Another characteristic of graded potentials is that they are conducted only short 

distances. As the signal spreads from the site of stimulation, it loses strength and 

eventually dies out c ompletely; think of the ripples that spread in a pond when you 

throw a rock in. For this reason, these signals are also sometimes referred to 

as local potentials , meaning that they happen locally, but do not travel long 

distances. Although not as glamorous  as their big brother, the action potential, they 

are the triggers that initiate action potentials; so without them, action potentials 

would not happen.  
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ACTION POTENTIALS 

An action potential is where things really become interesting and exciting ... no pun 

intended. The  action potential  represents a rapid change in the membrane 

potential, followed by a rapid return to the resting membrane potential (see figure 

below). In other words, a rapid depolarization followed by a rapid repolarization. 

The action p otential is the basis of transmitting signals in nerve cells, inducing 

muscle contraction and perception of all our senses. The action potential is caused 

by the activation of the  voltage -gated  ion channels , most often the Na + voltage -

gated ion channel.  

 

Most commonly, we talk about action potentials as they relate to nerve cells. In 

nerve cells, at rest, the movement of Na +through the membrane is extremely low 

(very few Na + leak channels). However, if the surface (cell membrane) of the neuron 

receives a graded potential that is sufficient to exceed the set threshold value, the 

voltage sensitive proteins will respond by changing conformation. Because the 

concentration of Na + is extremely high on the outside of the cell, the opening of 

Na+ channels will cause  a rapid influx of Na + down its concentration gradient, 

therefore disrupting the negative membrane potential and resulting in  

depolarization . The membrane potential will increase rapidly in response to the 

increased positive charge until the inactivated Na + voltage-gated channels close. It 

is important to note that depolarization occurs with minimal changes in the overall 

concentration of Na + or K+ (Only one out of every 100,000 Na+ions need to enter the 

cell to produce a 100 mV change in potential). 

 

Once activated, the protein channel is quick to re -establish a new conformation, but 

during the interim (about 0.5 msec), the protein allows sodium to pass through the 

membrane. In the case of the Na+ channel, there are two gates, an activation gate 

and an inac tivation gate. The activation gate is very sensitive to voltage changes and 

is the basis of threshold. The inactivation gate is slightly delayed compared to the 

activation gate, which allows for the channel to be permeable for a brief moment. 

After a sligh t delay, voltage -gated K+ channels open, resulting in an efflux of 

potassium out of the cell. This efflux is in addition to the efflux resulting from 

K+ leak channels that are always open. The additional efflux of potassium, in 

combination with the termination of Na + (because the inactivation gate closes) 

influx reverses the initial depolarization and the membrane potential moves back 

towards the resting potential ( repolarization ) and even beyond 

(hyperpolarization ), after which the K + voltage channe ls close and the resting 
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membrane is reestablished (the potassium channels have only one gate which is 

activated by depolarization and inactivated by repolarization). Hyperpolarization 

occurs because of the additional movement of K + through the voltage -gated 

K+ channel. Once the voltage -gated K+channel closes, the membrane will return to 

the resting potential established initially by the leak channels for K +. The small 

depletions that occur in K + and Na + concentrations, following each action potential, 

are then reestablished by the Na +/K+ ATPase pump, but this is not necessary for 

another action potential. In fact, it has been demonstrated that the ion gradients in 

a neuron are sufficient to be able to generate 10,000 action potentials without 

replenishment from the Na +/K+ ATPase pump. It is important to note that in order 

for activation of the Na + channels to occur, there needs to be a sufficient stimulus 

of current that exceeds the  threshold value . For example, the threshold value for a 

typical neuron is ne ar -55 mV, while the resting membrane potential is near -70 mV. 

If a graded potential is not sufficient to bring the membrane up to the threshold 

value (-55 mV), then an action potential cannot be initiated. This kind of stimulus is 

referred to as a sub -th reshold stimulus. If the threshold value is exceeded by a 

given stimulus, the action potential will always occur. This phenomenon is referred 

to as the all -or -nothing principle. In addition, unlike graded potentials, the action 

potential cannot be summed o r added upon, but once an action potential starts, it 

becomes self -propagating.  
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Image created by BYU-I student, Kaylynn Loyd 2013 

 

When current stimulus is sufficient to reach the threshold value, an action potential 

is triggered. Notice that the first s timulus came close but did not exceed threshold. 

This stimulus failed to initiate an action potential. However, the second stimulus 

must have exceeded threshold because a relatively large and rapid depolarization 

occurred, followed by a rapid repolarizatio n. 
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REFRACTORY PERIODS  

 

 
BYUI image: Created F15 

Another concept to be discussed is the  refractory period . By definition, the 

refractory period is a period of time during which a cell is incapable of repeating an 

action potential. In terms of action potentials, it refers to the amount of time it 

takes for an excitable membrane to be ready to respond to a second stimulus once 

it returns to a resting state. There are two types of refractory periods; the  absolute 

refractory  period,  which corresponds to d epolarization and repolarization, and 

the  relative refractory period,  which corresponds to hyperpolarization. Moreover, 

the absolute  refractory period is the interval of time during which a second action 

potential cannot be initiated, no matter how large a  stimulus is repeatedly applied. 
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The relative refractory period is the interval of time during which a second action 

potential can be initiated, but initiation will require a greater stimulus than before. 

Refractory periods are caused by the inactivation g ate of the Na + channel. Once 

inactivated, the Na + channel cannot respond to another stimulus until the gates are 

reset.  

PROPOGATION OF AN ACTION POTENTIAL 

Action potentials are usually generated at one end of a neuron and then 

"propogated" like a wave along the axon towards the opposite end of the neuron.   
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Title: File:Blausen 0011 ActionPotential Nerve.png; Author: BruceBlaus; Site: 

https://en.wikipedia.org/wiki/File:Blausen_0011_ActionPotential_Nerve.png; License: This file is licensed under the Creative Commons 

Attribution 3.0 Unported license. 
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The image above shows how an action potential might have started near the cell 

soma and as it propagates down the axon towards the opposite end, the 

membrane potential behind the moving action potential has re polarized and 

returned to resting membrane potential. The axon ahead of the current 

depolarization has not yet depolarized and it is also at resting membrane potential. 

Where the action potential is occurring we find the membrane potential 

depolarized and the outside of the membrane at that spot is negatively charged 

relative to the inside of the membrane at that spot. As sodium rushes in, it will 

depolarize the next adjacent spot on the axon in the direction that the action 

potential is propagating. The re ason that the action potential does not depolarize 

the section of axon membrane behind (or in the direction that the action potential 

just came from) is because that section of membrane is most likely in refractory 

periods and does not depolarize.  

  

 

Title: File:Action Potential.gif; Author: Laurentaylorj; Site: https://commons.wikimedia.org/wiki/File:Action_Potential.gif; License: This 

file is licensed under the Creative Commons Attribution-Share Alike 3.0 Unported license. 
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The image above is a ".gif" an imation and will play only if you see the picture on the 

internet. As you watch this animation, you will see how an action potential travels 

as a "depolarization" wave.   

 

 

BYU-I image: created W15 

 

The image above is another ".gif" animation (must be view ed on the computer and 

not in print form). This animation shows how an action potential traveling down the 

axon is similar to stepping on one end of a water balloon. In reality, a pressure 

wave in the water balloon would get smaller as it traveled down the  length, but a 

traveling action potential (or depolarization wave) is recreated at every spot on the 

axon that has voltage gated sodium channels to open at threshold. In this way the 

original strength of the depolarization wave is continually recreated.  
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Title: File:Propagation of action potential along myelinated nerve fiber en.png; Author: Helixitta; Site: https://commons.wikimedia.org; 

/wiki/File:Propagation_of_action_potential_along_myelinated_nerve_fiber_en.png; License: This file is licensed under the Creative 

Commons Attribution-Share Alike 4.0 International license. 

 

The image above shows myelin on a peripheral nerve axon. The myelin is made up 

of individual Schwann cells. The myelin covers the axon in a way that "insulates" the 

axon from depolari zation waves. In this way, a depolarization even will occur only at 

the "Nodes of Ranvier" (or areas of bare axon between individual myelin segments). 

When a nerve axon is organized in this way with myelin, action potential 

propagation can travel much fast er (nearly 10 times faster than unmyelinated 

axons). 
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BYU-I image: created W15 

 

The image above is another ".gif" animation. It shows how a myelinated axon might 

compare to a water balloon with segmented cuffs on it. A pressure wave generated 

at one segment would travel down the length of the balloon and be recreated at 

each "node". Notice how the positively charged sodium entering in at the first node 

causes positive charges to travel down the axon where they can attempt to 

depolarize each node. The strength of the depolarization wave decreases with 

distance from the original first depolarization area (just like the pressure wave 

decreases with distance from the first segment pressed on the water balloon).  

The myelinated axon would differ from the bal loon in that the original 

depolarization wave could cause the next node to reach threshold and recreate a 

depolarization event at the second node that was equal to the first. Consider these 

two things:  

1. The original depolarization event can facilitate other  nodes in getting closer to threshold.  

2. Each node that reaches threshold recreates a depolarization wave that is equal to the first  

3. Depolarization occurs only on bare axon between myelin segments and not along the 

entire axon surface  

These events together m ake the speed at which and action potential trave ls to be 

much faster. This "jumping" of action potential depolarization events from node to 

node is called  saltatory conduction . 
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SUMMARY 
Well, do we have enough information to explain the physiology behind our 

introductory paragraph? Let's talk about the sense of touch and see if we have a 

deeper understanding. Consider your fingertips; there are at least 5 different types 

of touch receptors that allow you to feel various textures and pressures, but how 

do t hey work? Touch receptors are really just fancy neurons, but they exhibit the 

same kinds of phenomena that we just talked about. For example, at rest, they are 

permeable to K+, but not sodium, so the inside of the membrane is negative 

relative to the outsi de. Consequently, Na+ channel proteins are in a closed 

conformation during rest. In order for us to sense touch we will need to convert the 

touch stimulus into something the brain can detect; action potentials. The real 

question is how does touch cause the  neuron to send an action potential? 

Remember that an action potential is caused by Na+ movement across the 

membrane. Thus, the mechanical action of touch (stimulus) causes a conformation 

change in a special group of Na+ channels. The action of touch cause s them to 

open, as Na+ moves through those channels, the positive charge of the Na+ ion 

causes the membrane to change, and other Na+ channels (voltage regulated) 

respond to the membrane change by opening. This, in turn, causes other channels 

to open, and t he resulting action potential is sent as an electrical current (called an 

action potential propagation) to the brain. The brain can then interpret the action 

potentials as physical touch based on where the action potentials originated from. 

Believe it or n ot, every external stimulus, whether taste molecules, light waves, 

sound waves, or mechanical touch, is converted to an action potential. Action 

potentials are the communications of the body and the brain only works in action 

potentials.  
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aƻŘǳƭŜ сΥ bŜǊǾƻǳǎ {ȅǎǘŜƳ 
hǊƎŀƴƛȊŀǘƛƻƴ 

 

Imagine that you suddenly lost the ability to stand unless you looked down at your 

feet. What if your arms seemed to wander unless you kept an eye on them.  This is 

the exact situation that Christina found herself in after waking up one morning. She 

exclaimed:   ɈSomething awfulɅs happened, ϥ canɅt feel my body. ϥ feel weirdɁ

disembodied.ɉ Essentially, overnight Christina had lost all proprioception: the ability 

to sense the relative position of body parts. This integral part of her nervous system 

had suddenly deteriorated.  Because the sense of body positioning is determined 

by three things: vision, balance organs, and proprioception, which she had lost, 

Christ ina learned to control her body with her eyes, but she found that she could 

do nothing without using her eyes. In fact her body would collapse into a heap the 

minute she closed her eyes. Gradually over time Christina learned to walk again 

and to function w ith the usual business of life, but only with great care in 

maintaining attention to the particular movement and never at the same level as 

before. She found that there was no in between, or gradual change with 

movement. Strict focus had to be maintained f or even the simplest tasks. In her 

words, she states: Ɉϥ feel my body is blind and deaf to itself ... it has no sense of 

itselfɉ (Sacks, 1985). ϥn this section you will learn about the nervous system and how 

it controls the body, and perhaps more important ly, as illustrated in ChristinaɅs 

case, how the nervous system interprets the environment around us.  

ORGANIZATION OF THE NERVOUS SYSTEM 

The nervous system coordinates voluntary and involuntary actions in the body by 

sending and receiving information. The n ervous system is comprised of an 

enormous number of cells (over 100 billion), primarily of two types:   neurons  (the 

signaling units) and  glial cells  (the supporting units). However, nervous system 

function is mostly a story of the neuron. The neuron is the  functional unit of the 

nervous system and is designed to transmit information between cells. 

Interestingly, neurons with a particular function are found in a predictable location. 

This regularity in structure has permitted neurobiologists to categorically  organize 

the nervous system based on location and function (see figure below).  
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Thus, the nervous system can first be divided into two major parts: the central 

nervous system (CNS) and the peripheral nervous system (PNS). The CNS consists 

of neurons associ ated with central processing and which are located in the brain 

and spinal cord. The peripheral nervous system (PNS) consists of neurons 

associated with sensory input (afferent) and motor output (efferent), and functions 

to connect the central nervous syst em to all other parts of the body. Stated another 

way, if the entire structure of the neuron is contained within the brain and/or spinal 

cord, the neuron would be considered part of the CNS. In contrast, if any part of the 

neuronal structure is located out side of the brain and/or spinal cord the neuron 

would be considered part of the PNS (see image below).  

 

 

Image generated at BYU-I S13 

 

For the most part, information is transmitted between these two systems following 

this basic pattern: stimulus, receptor, afferent pathway (input signal), control 

center, efferent pathway (output signal), effector, and response. In other words, 
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sensory rec eptors located throughout the body constantly monitor the conditions 

of the environment and send this information via the PNS to the CNS for central 

processing. If a response is needed (i.e., to maintain homeostasis) the CNS will send 

new information throu gh the PNS to target organs that will help adjust to the initial 

stimulus. It should be noted that some functions can be contained entirely within 

the CNS; for example, dreaming, thinking, or even information storage.  

 

Image generated at BYU-I S13 

 

Neuron s of the efferent division of the PNS can be further subdivided into the 

somatic nervous system, which controls the voluntary movement of skeletal muscle 

and the autonomic nervous system which regulates involuntary functions of organs 

and tissues. Autonomi c neurons are further subdivided into sympathetic and 

parasympathetic systems (see first figure). The autonomic nervous system will be 

addressed in a separate module.  

A third division of the PNS is a semi -independent nervous system called the enteric 

nervo us system which controls the gastrointestinal tract (see first figure). This 

system is considered semi -independent because it can run independently, or 

through modulation by the autonomic nervous system. It is also interesting to note 

that the enteric nerv ous system contains more neurons than the entire spinal cord.  
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NEURON STRUCTURE AND CLASSIFICATION 

Neurons have four specialized structures that allow for the sending and receiving of 

information: the cell body (soma), dendrites, axon and axon terminals  (see lowest 

figure).  

Cell body or soma : The cell body is the portion of the cell that surrounds the 

nucleus and plays a major role in synthesizing proteins.  

 

Dendrites : Dendrites are short, branched processes that extend from the cell body. 

Dendrites function to receive information, and do so through numerous receptors 

located in their membranes that bind to chemicals, called neurotransmitters.  

 

Axon : An axon is a large process that extends from the cell body at a point of 

origin -called the axon hilloc k-and functions to send information. In contrast to the 

shorter dendrites, the axon can extend for more than a meter. Because of this 

length, the axon contains microtubules and is surrounded by myelin. Microtubules 

are arranged inside the axon as parallel arrays of long strands that act as highways 

for the movement of materials to and from the soma. Specialized motor proteins 

"walk" along the microtubules, carrying material away from the soma (anterograde 

transport) or back to the soma (retrograde transport ). This system can move 

materials down the axon at rates of 400mm/day (see lowest figure). Myelin consists 

of totally separate cells that coil and wrap their membranes around the outside of 

the axon. These are essential for electrical insulation and to spe ed up action 

potential propagation.  
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Image produced by BYU-Idaho Student Jared Cardinet 2013 

 

Image shows Anterograde and Retrograde transport in an axon.  

 

 

Axon terminals : Once an axon reaches a target, it terminates into multiple 

endings, called axon terminals. The axon terminal is designed to convert the 

electrical signal into a chemical signal in a process called synaptic transmission 

(further explained in the section "Physiology of the Neuron").  

Most neurons are amitotic or lose their ability to div ide. Exceptions to this rule are 

found in olfactory neurons (those associated with smell) and hippocampal regions 

of the brain. Fortunately, lifespans of amitotic neurons is near 100 years. Still, if a 

neuron is damaged or lost, it is not easily replaced. For this reason, there is usually 

limited recovery from serious brain or spinal cord injuries. Perhaps the slow 

recovery rate or lack of regeneration is to ensure that learned behavior and 

memories are preserved throughout life. Neurons also have exception ally high 

metabolic rates and subsequently require high levels of glucose and oxygen. The 

body will go to great lengths to ensure that neurons are adequately fed; in fact, if 



145 
 

for some reason the brain detects that it is not receiving adequate amounts of 

nutrition, the body will shut down immediately (i.e., faint).  

 

 

Title: Neuron-figure-notext.svg; Author: Nicolas.Rougier; Site: https://commons.wikimedia.org/wiki/File:Neuron-figure-notext.svg; License: This file is 

licensed under the Creative Commons Attribution -Share Alike 3.0 Unported license. 

 

Illustration of key neuronal structures  
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Classification of Neurons  
Structural classification of neurons is based upon the number of processes that 

extend out from the cell body. Three major groups arise from this  

classification:  multipolar , bipolar,  and unipolar  neurons.  

Multipolar neurons are defined as having three or more processes that extend out 

from the cell body. They comprise of more than 99% of the neurons in humans, 

and are the major neuron type found in  the CNS and the efferent division of the 

PNS. 

 

Title: Neurons uni bi multi pseudouni.svg; Author: Pseudounipolar_bipolar_neurons.svg: Juoj8 derivative work: Jonathan Haas; Site: 

https://commons.wikimedia.org/wiki/File:Neurons_uni_bi_multi_pseudouni.svg; License: This file is licensed under the Creative Commons Attribution-

Share Alike 3.0 Unported license. 

Structural classification of neurons. 1) Bipolar; 2) Multipolar and 3) Unipolar.  

 

Bipolar neurons have only two processes that extend in opposite directions from 

the cell body. One process is called a dendrite, and another process is called the 

axon. Although rare, these are found in the retina of the eye and the olfactory 

system.  
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Unipolar neurons have a single, short process that extends from the c ell body and 

then branches into two more processes that extend in opposite directions. The 

process that extends peripherally is known as the peripheral process and is 

associated with sensory reception. The process that extends toward the CNS is the 

central  process. Unipolar neurons are found primarily in the afferent division of the 

PNS. 

Functional Classification of Neurons  

Neurons are classified functionally according to the direction in which the signal 

travels, in relation to the CNS. This classification  also results in three different types 

of neurons:  sensory  neurons,  motor  neurons, and  interneurons . 

Sensory neurons, or afferent neurons transmit information from sensory receptors 

in the skin, or the internal organs toward the CNS for processing. Almost all sensory 

neurons are unipolar.  

Motor, or efferent neurons transmit information away from the CNS toward some 

type of effector. Motor neurons are typically multipolar.  

Interneurons are located between motor and sensory pathways and are highly 

involved in  signal integration. The vast majority of interneurons are confined within 

the CNS.  
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PHYSIOLOGY OF THE NEURON 

Typically, voltage changes in neurons flow from dendrites, to the soma, to the axon. 

In sensory neurons, however, environmental stimuli (light, ch emicals, pain) activate 

ion channels which produce action potentials that flow from the axon to the soma. 

In either case, neurons propagate signals along their axons in the form of action 

potentials, which is how neurons communicate with other neurons or c ells. The 

communication that occurs between these cells is called  synaptic transmission . 

 

The synapse 
Structurally, two types of synapses are found in neurons: chemical and 

electrical.  Chemical synapses  occur when neural membranes abut very close 

together,  but remain distinct, leaving a space.  Electrical synapses  occur when 

membranes are linked together (gap junctions) via specialized proteins that allow 

the flow of ions from one cell to another. Electrical synapses are found in heart 

muscle. Because electr ical synapses are rare in the nervous system, the remaining 

discussion will address the chemical synapse.  

Chemical synapses use chemicals called neurotransmitters to communicate the 

messages between cells. The part of the synapse that releases the 

neurotra nsmitter into the synapse is called the presynaptic terminal, and the part 

of the synapse that receives the neurotransmitter is called the postsynaptic 

terminal. The narrow space between the two regions is called the synaptic cleft. 

Both the presynaptic an d postsynaptic terminals contain the molecular machinery 

needed to carry out the signaling process. The presynaptic terminal contains large 

numbers of vesicles that are packed with neurotransmitters. When an action 

potential arrives at the presynaptic term inal, voltage gated Ca ++channels open, 

which allows for the influx of Ca ++ which then activates an array of molecules in the 

neuronal membrane and the vesicular membrane to become activated. These 

newly activated molecules then induce exocytosis of the vesicles, which results in 

release of the neurotransmitter. The neurotransmitter then binds to receptors 

located in the postsynaptic membrane and induces a conformational change. This 

conformation change causes the receptor to act as a pore in the membrane  for 

ions to move through. Depending on the type of ion, the effect on the postsynaptic 

cell may be depolarizing (excitatory) or hyperpolarizing (inhibitory).  
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© 2013 Encyclopædia Britannica, Inc. Taken from BYUI Image Quest Dec 2013. 
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An excitatory resp onse is called an  EPSP which is the abbreviation for an "excitatory 

post synaptic potential," whereas an inhibitory response is called an  IPSP or 

"inhibitory post synaptic potential." As the name suggests, an EPSP elicits an 

excitatory response, or membran e depolarization, whereas an IPSP results in an 

inhibitory response, or membrane hyperpolarization.  

 

Image by JS BYU-I, 2013 

. 

EPSP and IPSP. A cell body will have many synapses on it and on its surrounding 

dendrites. Some of the synapses will result in the cell body membrane potential 

moving closer to threshold. Other synapses result in the cell body membrane 

potential moving farther from threshold (hyperpolarization). Any synapse that 

moves the potential closer to threshold is called an Excitatory Post Synaptic 

Potential, and any synapse that moves the potential farther from threshold is called 

an inhibitory Post Synaptic Potential. The net effect of all the EPSPs and IPSPs is 

experienced at the axon hillock. If threshold is reached, then an action poten tial will 

continue down the axon.  
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The ultimate goal of an EPSP is to cause enough change in the membrane to initiate 

an action potential. The goal of the IPSP is to cause a change in the membrane to 

prevent an action potential. Each EPSP or IPSP lasts a fe w milliseconds and then the 

membrane returns to the original resting membrane potentials. In many cases, a 

single EPSP is not sufficient to cause an action potential. Therefore, many EPSPs 

from multiple synapses can combine at the soma, which results in a much larger 

voltage change that can exceed threshold and cause and action potential. This 

phenomenon is called  spatial summation . EPSPs from the same synapse can also 

combine if they arrive in rapid succession; this phenomenon is called  temporal 

summation.  Requiring multiple EPSPs to fire an action potential are ways that 

neurons increase sensitivity and accuracy.  

 

Image by LB, BYU-I, 2013. 
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Summation  
A response as an EPSP or an IPSP will depend on the type of 

neurotransmitter/receptor combination present in the synapse. There are over a 

hundred known neurotransmitters, and many of them have unique receptors. 

Receptors can be divided into two broad groups: chemically gated ion channels and 

second messenger systems. When chemically gated ion channels are act ivated, 

certain ions are allowed to flow across the membrane. The ion type will determine 

on whether the result is an EPSP or an IPSP. When a second messenger system is 

activated, it results in a cascade of molecular interactions within the target or 

postsynaptic cell. The type of cascade that is elicited will result in the response 

being either excitatory or inhibitory.  

 

Excitatory Synapses  
Most excitatory synapses in the brain use glutamate or aspartate as the 

neurotransmitter. These neurotransmitters bin d to non -selective cationic channels 

that allow for Na+ and K+ to pass. As mentioned earlier, it takes many EPSPs from 

these kinds of synapses to depolarize a postsynaptic neuron enough to reach 

threshold and trigger an action potential.  

A very important s ubset of synapses in the brain includes a group capable of 

forming memories by increasing the activity and the strength of the synapse. This 

process is called  long -term potentiation.  Long-term potentiation operates at the 

synapse, using the neurotransmitte r glutamate and the receptor known as the 

NMDA receptor. The NMDA receptor is unique in that it is both ligand and voltage 

regulated. When activated by ligands, it becomes permeable to Na+, but if the 

charge difference is sufficient, the channel becomes pe rmeable to Ca ++ as well. 

Ca++ can initiate a second messenger cascade that results in an increase in the 

number of glutamate receptors, thereby increasing the strength of the synapse. 

The change in strength can last for weeks, months, or even years dependi ng on 

whether or not the synapse is continually used.  

 

Inhibitory Synapses  
It may seem somewhat of a paradox to have inhibitory synapses, but the 

excitability of neurons is essentially governed by a balance between excitation and 

inhibition. The main inhib itory neurotransmitters are GABA and glycine. Both 

neurotransmitters bind to receptors that result in an increase conductance of Cl -. 
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Because of the negative charge of Cl - and the fact that it usually moves into the cell, 

the effect is to oppose depolariza tion and cause the membrane to move away from 

threshold.  

 

Modulatory synapses  
Modulatory synapses are those that can be "primed" by neuromodulators so that 

they are able to respond more powerfully to other inputs. An example of a priming 

neuromodulator is norepinephrine. By itself, norepinephrine has little effect on 

synaptic transmission, but when a cell is exposed to norepinephrine first, it will 

react more powerfully to glutamate.  
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GLIAL CELLS 

Unlike neurons, the glial cells can be replaced if they ar e damaged. Glial cells 

compose half of the volume of the brain and are more numerous than neurons. 

There are four major types of glial cells in the CNS: the astrocyte, the 

oligodendrocyte, the ependymal, and the microglial cell.  

The astrocyte: Astrocytes h ave an enormous amount of processes that wrap 

around blood vessels and neurons. Because of this arrangement, astrocytes are 

ideally positioned to control and modify the extracellular environment around 

neurons. Most of the functions of the astrocyte are at tributed to controlling this 

environment.  

Astrocyte 

characteristic  

Function  

Glycogen storage  Astrocytes store all the glycogen present in the CNS. This glycogen is 

used to help meet the high metabolic needs of the CNS. The main 

source is blood glucose, but glycogen levels can sustain the need for 

5 to 10 min.  

K+ permeability  Active neurons lose K + into the extracellular spaces, which would act 

as a positive feedback system for depolarization if the K+ was not 

trapped by the astrocytes. They take up K+ by a pump 

(Na+/K+ ATPase pump), and co-transporters (Na +/K+/Cl- and 

K+/Cl- exchangers).  

Gap Junctions Astrocytes are coupled to each other, as well as other glial cells and 

neurons through gap junctions. This may serve to help modulate 

activity and sensit ivity in the CNS.  

Neurotransmitters  Astrocytes synthesize over 20 different neurotransmitters and take 

up excess neurotransmitters to help terminate signals at the 

synapse. 

Growth factors  Astrocytes secrete a variety of growth factors, which are important 

for the establishment of fully functioning excitatory synapses.  
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Blood flow  Astrocytes can modulate blood flow in the brain by inducing 

localized vasodilation or vasoconstriction. This modulation can 

occur through gap junctions between the astroc ytes and the 

endothelial cells of brain blood vessels.  

  

  

 

Image by BYU-I student, Jared Cardinet, 2013. 

Astrocyte processes associated with capillaries and neurons  
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The Oligodendroctye: The primary function of the oligodendorcyte  is to provide and 

maintain the myelin sheaths around axons. Myelin is the insulating component of 

the nervous system. It allows for electrical signals to be propagated along one axon 

without being spread to other axons. Oligodendrocytes send out long 15 t o 30 

processes, which wrap many times around a section of an axon. Between each 

"wrapping," there is a small area of exposed axon called the  node of Ranvier . The 

wrapping creates many layers of tightly compressed membranes that is 

called  myelin . Myelinatio n speeds up the conduction of the action potential down 

the axon by allowing the action potentials to occur only at the nodes, a process 

called saltatory conduction. Myelination also induces the clustering of voltage -gated 

Na+ channels at the nodes. In add ition to myelination, oligodendrocytes also play 

key roles in pH regulation of the CNS. There are many diseases that selectively 

damage or destroy myelin; the most common demyelinating disease in the CNS 

is multiple sclerosis . Multiple sclerosis (MS) is an  autoimmune disease that results 

in the selective destruction of oligodendrocytes, resulting in a reduction of myelin. 

The reduction in myelin severely decreases the conduction velocity and duration of 

action potentials in the affected neuron. This can res ult in loss of sensory 

perception and motor control. The cause of MS is currently unknown, but the 

disease is twice as common in women as in men.  

The Ependymal Cell : Ependymal cells line the cavities of the CNS. Ependymal cells 

are responsible for the prod uction of Cerebral Spinal Fluid (CSF) and are important 

barriers between the cerebral spinal fluid and the brain extracellular space. These 

cells beat their cilia to help circulate the cerebral spinal fluid.  

The Microglial Cell : Microglial cells are rapidl y activated in the CNS in response to 

injury. Injury causes these cells to proliferate, change shape, and become 

phagocytic. These cells are also very important in presenting antigens to 

lymphocytes in response to infection. Although these cells are an imp ortant 

component of the CNS, it is believed that their activity is also toxic to neurons and 

can result in long term damage. For this reason, medical intervention in response 

to brain injury often involves factors that inhibit microglial activity.  
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Taken and Derived from Wikimedia Commons Dec 2013; Author: Holly Fischer; License: Creative Commons Attribution 3.0 Unported license. 

The image above shows a depiction of the Glial Cells of the CNS.  

 

Glial Cells of the PNS 
The Schwann Cell : The schwann cell is t he mylenating cell of the PNS. In contrast 

to the oligodendrocyte of the CNS, which uses multiple processes to mylenate 

multiple segments of axons, a schwann cell provides myelin for a single segment of 

an axon. Still, the appearance and function of myelin  in the PNS is exactly the same 

as the CNS. 

The Satellite Cell : Satellite glial cells help regulate the external chemical 

environment around neurons of the PNS. In this way they are very similar to the 

astrocyte of the CNS, but in addition are highly sensi tive to injury and inflammation.  

 

  






























































































































































































































































































































































































