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  O B J E C T I V E S 

  After studying this chapter, 
you should be able to:  

2
C H A P T E R

   FUNCTIONAL MORPHOLOGY 
OF THE CELL 
 A basic knowledge of cell biology is essential to an under-
standing of the organ systems and the way they function in 
the body. A key tool for examining cellular constituents is the 
microscope. A light microscope can resolve structures as close 
as 0.2 μm, while an electron microscope can resolve struc-
tures as close as 0.002 μm. Although cell dimensions are quite 
variable, this resolution can give us a good look at the inner 
workings of the cell. Th e advent of common access to phase 
contrast, fl uorescent, confocal, and many other microscopy 
techniques along with specialized probes for both static and 

dynamic cellular structures further expanded the examination 
of cell structure and function. Equally revolutionary advances 
in modern biophysical, biochemical, and molecular biological 
techniques have also greatly contributed to our knowledge of 
the cell. 

 Th e specialization of the cells in the various organs is con-
siderable, and no cell can be called “typical” of all cells in the 
body. However, a number of structures  (organelles)  are com-
mon to most cells. Th ese structures are shown in  Figure 2–1 . 
Many of them can be isolated by ultracentrifugation combined 
with other techniques. When cells are homogenized and the 
resulting suspension is centrifuged, the nuclei sediment fi rst, 
followed by the mitochondria. High-speed centrifugation that 

replication, transcription, and translation). In this chapter, we 
will briefl y review more of the fundamental aspects of cellular 
and molecular physiology. Additional aspects that concern 
specialization of cellular and molecular physiology are 
considered in the next chapters concerning immune function 
and excitable cells, and, within the sections that highlight 
each physiological system. 

    INTRODUCTION 
 Th e cell is the fundamental working unit of all organisms. In 
humans, cells can be highly specialized in both structure and 
function; alternatively, cells from diff erent organs can share 
features and function. In the previous chapter, we examined 
some basic principles of biophysics and the catabolism and 
metabolism of building blocks found in the cell. In some 
of those discussions, we examined how the building blocks 
could contribute to basic cellular physiology (eg, DNA 

  Name the prominent cellular organelles and state their functions in cells.  ■

 Name the building blocks of the cellular cytoskeleton and state their  ■

contributions to cell structure and function. 
 Name the intercellular and cellular to extracellular connections.  ■

 Defi ne the processes of exocytosis and endocytosis, and describe the  ■

contribution of each to normal cell function. 
 Defi ne proteins that contribute to membrane permeability and transport.  ■

 Recognize various forms of intercellular communication and describe ways  ■

in which chemical messengers (including second messengers) aff ect cellular 
physiology. 
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36 SECTION I Cellular and Molecular Basis for Medical Physiology

generates forces of 100,000 times gravity or more causes a frac-
tion made up of granules called the  microsomes  to sediment. 
Th is fraction includes organelles such as the  ribosomes  and 
 peroxisomes.  

   CELL MEMBRANES 
 Th e membrane that surrounds the cell is a remarkable struc-
ture. It is made up of lipids and proteins and is semipermeable, 
allowing some substances to pass through it and excluding 
others. However, its permeability can also be varied because it 
contains numerous regulated ion channels and other transport 
proteins that can change the amounts of substances moving 
across it. It is generally referred to as the  plasma membrane.  
Th e nucleus and other organelles in the cell are bound by simi-
lar membranous structures. 

 Although the chemical structures of membranes and 
their properties vary considerably from one location to 
another, they have certain common features. Th ey are gener-
ally about 7.5 nm (75 Å) thick. Th e major lipids are phospho-
lipids such as phosphatidylcholine, phosphotidylserine, and 
phosphatidylethanolamine. Th e shape of the phospholipid 
molecule refl ects its solubility properties: the “head” end of 
the molecule contains the phosphate portion and is relatively 

soluble in water (polar,  hydrophilic ) and the “tail” ends are rel-
atively insoluble (nonpolar,  hydrophobic ). Th e possession of 
both hydrophilic and hydrophobic properties makes the lipid 
an  amphipathic  molecule. In the membrane, the hydrophilic 
ends of the molecules are exposed to the aqueous environment 
that bathes the exterior of the cells and the aqueous cytoplasm; 
the hydrophobic ends meet in the water-poor interior of the 
membrane ( Figure 2–2 ). In  prokaryotes  (ie, bacteria in which 
there is no nucleus), the membranes are relatively simple, but 
in  eukaryotes  (cells containing nuclei), cell membranes con-
tain various glycosphingolipids, sphingomyelin, and choles-
terol in addition to phospholipids and phosphatidylcholine.  

  Many diff erent proteins are embedded in the membrane. 
Th ey exist as separate globular units and many pass through 
or are embedded in one leafl et of the membrane  (integral 
proteins),  whereas others  (peripheral proteins)  are associ-
ated with the inside or outside of the membrane ( Figure 2–2 ). 
Th e amount of protein varies signifi cantly with the function 
of the membrane but makes up on average 50% of the mass 
of the membrane; that is, there is about one protein mole-
cule per 50 of the much smaller phospholipid molecules. Th e 
proteins in the membrane carry out many functions. Some 
are  cell adhesion molecules (CAMs)  that anchor cells to 
their neighbors or to basal laminas. Some proteins function 
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 FIGURE 21     Diagram showing a hypothetical cell in the center as seen with the light microscope.  Individual organelles are 
expanded for closer examination. (Adapted from Bloom and Fawcett. Reproduced with permission from Junqueira LC, Carneiro J, Kelley RO:  Basic Histology , 
9th ed. McGraw-Hill, 1998.)  
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CHAPTER 2 Overview of Cellular Physiology in Medical Physiology 37

as  pumps,  actively transporting ions across the membrane. 
Other proteins function as  carriers,  transporting substances 
down electrochemical gradients by facilitated diff usion. Still 
others are  ion channels,  which, when activated, permit the 
passage of ions into or out of the cell. Th e role of the pumps, 
carriers, and ion channels in transport across the cell mem-
brane is discussed below. Proteins in another group function 
as  receptors  that bind  ligands  or messenger molecules, initi-
ating physiologic changes inside the cell. Proteins also func-
tion as  enzymes,  catalyzing reactions at the surfaces of the 
membrane. Examples from each of these groups are discussed 
later in this chapter. 

 Th e uncharged, hydrophobic portions of the proteins 
are usually located in the interior of the membrane, whereas 
the charged, hydrophilic portions are located on the sur-
faces. Peripheral proteins are attached to the surfaces of the 
membrane in various ways. One common way is attach-
ment to glycosylated forms of phosphatidylinositol. Proteins 
held by these  glycosylphosphatidylinositol (GPI) anchors  
( Figure 2–3 ) include enzymes such as alkaline phosphatase, 
various antigens, a number of CAMs, and three proteins 
that combat cell lysis by complement. Over 45 GPI-linked 
cell surface proteins have now been described in humans. 
Other proteins are  lipidated,  that is, they have specifi c lipids 
attached to them ( Figure 2–3 ). Proteins may be  myristoy-
lated, palmitoylated,  or  prenylated  (ie, attached to gera-
nylgeranyl or farnesyl groups). 
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 FIGURE 22     Organization of the phospholipid bilayer and 
associated proteins in a biological membrane.  The phospholipid 
molecules each have two fatty acid chains (wavy lines) attached 
to a phosphate head (open circle). Proteins are shown as irregular 
colored globules. Many are integral proteins, which extend into the 
membrane, but peripheral proteins are attached to the inside or 
outside (not shown) of the membrane. Specifi c protein attachments 
and cholesterol commonly found in the bilayer are omitted for clarity. 
(Reproduced with permission from Widmaier EP, Raff  H, Strang K:  Vander’s Human 
Physiology: The Mechanisms of Body Function , 11th ed. McGraw-Hill, 2008.)  
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 FIGURE 23     Protein linkages to membrane lipids.  Some are linked by their amino terminals, others by their carboxyl terminals. Many are 
attached via glycosylated forms of phosphatidylinositol (GPI anchors). (Adapted with permission from Fuller GM, Shields D:  Molecular Basis of Medical Cell Biology.  
McGraw-Hill, 1998.)  
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38 SECTION I Cellular and Molecular Basis for Medical Physiology

  Th e protein structure—and particularly the enzyme 
content—of biologic membranes varies not only from cell to cell, 
but also within the same cell. For example, some of the enzymes 
embedded in cell membranes are diff erent from those in mito-
chondrial membranes. In epithelial cells, the enzymes in the cell 
membrane on the mucosal surface diff er from those in the cell 
membrane on the basal and lateral margins of the cells; that 
is, the cells are  polarized.  Such polarization makes directional 
transport across epithelia possible. Th e membranes are dynamic 
structures, and their constituents are being constantly renewed 
at diff erent rates. Some proteins are anchored to the cytoskel-
eton, but others move laterally in the membrane. 

 Underlying most cells is a thin, “fuzzy” layer plus some 
fi brils that collectively make up the  basement membrane  or, 
more properly, the  basal lamina.  Th e basal lamina and, more 
generally, the extracellular matrix are made up of many pro-
teins that hold cells together, regulate their development, and 
determine their growth. Th ese include collagens, laminins, 
fi bronectin, tenascin, and various proteoglycans. 

    MITOCHONDRIA 
 Over a billion years ago, aerobic bacteria were engulfed by 
eukaryotic cells and evolved into  mitochondria,  providing 
the eukaryotic cells with the ability to form the energy-rich 
compound ATP by  oxidative phosphorylation.  Mitochondria 
perform other functions, including a role in the regulation of 
 apoptosis  (programmed cell death), but oxidative phosphory-
lation is the most crucial. Each eukaryotic cell can have hun-
dreds to thousands of mitochondria. In mammals, they are 
generally depicted as sausage-shaped organelles ( Figure 2–1 ), 
but their shape can be quite dynamic. Each has an outer mem-
brane, an intermembrane space, an inner membrane, which 
is folded to form shelves  (cristae),  and a central matrix space. 
Th e enzyme complexes responsible for oxidative phosphoryla-
tion are lined up on the cristae ( Figure 2–4 ). 

  Consistent with their origin from aerobic bacteria, 
the mitochondria have their own genome. Th ere is much 
less DNA in the mitochondrial genome than in the nuclear 

genome, and 99% of the proteins in the mitochondria are the 
products of nuclear genes, but mitochondrial DNA is respon-
sible for certain key components of the pathway for oxidative 
phosphorylation. Specifi cally, human mitochondrial DNA is a 
double-stranded circular molecule containing approximately 
16,500 base pairs (compared with over a billion in nuclear 
DNA). It codes for 13 protein subunits that are associated 
with proteins encoded by nuclear genes to form four enzyme 
complexes plus two ribosomal and 22 transfer RNAs that are 
needed for protein production by the intramitochondrial 
ribosomes. 

 Th e enzyme complexes responsible for oxidative phos-
phorylation illustrate the interactions between the products 
of the mitochondrial genome and the nuclear genome. For 
example, complex I, reduced nicotinamide adenine dinucle-
otide dehydrogenase (NADH), is made up of seven protein 
subunits coded by mitochondrial DNA and 39 subunits 
coded by nuclear DNA. Th e origin of the subunits in the 
other complexes is shown in  Figure 2–4 . Complex II, suc-
cinate dehydrogenase-ubiquinone oxidoreductase; complex 
III, ubiquinonecytochrome c oxidoreductase; and complex 
IV, cytochrome c oxidase, act with complex I, coenzyme Q, 
and cytochrome c to convert metabolites to CO 2  and water. 
Complexes I, III, and IV pump protons (H + ) into the inter-
membrane space during this electron transfer. Th e protons 
then fl ow down their electrochemical gradient through 
complex V, ATP synthase, which harnesses this energy to 
generate ATP. 

 As zygote mitochondria are derived from the ovum, 
their inheritance is maternal. Th is maternal inheritance has 
been used as a tool to track evolutionary descent. Mitochon-
dria have an ineff ective DNA repair system, and the muta-
tion rate for mitochondrial DNA is over 10 times the rate 
for nuclear DNA. A large number of relatively rare diseases 
have now been traced to mutations in mitochondrial DNA. 
Th ese include disorders of tissues with high metabolic rates 
in which energy production is defective as a result of abnor-
malities in the production of ATP, as well as other disorders 
( Clinical Box 2–1 ). 
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 FIGURE 24     Components involved in oxidative 
phosphorylation in mitochondria and their origins.  As enzyme 
complexes I through IV convert 2-carbon metabolic fragments to 
CO 2  and H 2 O, protons (H + ) are pumped into the intermembrane 
space. The proteins diff use back to the matrix space via complex V, 

ATP synthase (AS), in which ADP is converted to ATP. The enzyme 
complexes are made up of subunits coded by mitochondrial DNA 
(mDNA) and nuclear DNA (nDNA), and the fi gures document the 
contribution of each DNA to the complexes.  
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CHAPTER 2 Overview of Cellular Physiology in Medical Physiology 39

    LYSOSOMES 
 In the cytoplasm of the cell there are large, somewhat irregular 
structures surrounded by membranes. Th e interior of these struc-
tures, which are called  lysosomes,  is more acidic than the rest 
of the cytoplasm, and external material such as endocytosed bac-
teria, as well as worn-out cell components, are digested in them. 
Th e interior is kept acidic by the action of a  proton pump , or  H  +
ATPase.  Th is integral membrane protein uses the energy of ATP 
to move protons from the cytosol up their electrochemical gra-
dient and keep the lysosome relatively acidic, near pH 5.0. Lyso-
somes can contain over 40 types of hydrolytic enzymes, some of 
which are listed in  Table 2–1 . Not surprisingly, these enzymes 
are all acid hydrolases, in that they function best at the acidic 
pH of the lysosomal compartment. Th is can be a safety feature 
for the cell; if the lysosomes were to break open and release their 
contents, the enzymes would not be effi  cient at the near neutral 
cytosolic pH (7.2), and thus would be unable to digest cytoso-
lic enzymes they may encounter. Diseases associated with lyso-
somal dysfunction are discussed in  Clinical Box 2–2 . 

 CLINICAL BOX 2–1 

 Mitochondrial Diseases 
 Mitochondrial diseases encompass at least 40 diverse dis-
orders that are grouped because of their links to mitochon-
drial failure. These diseases can occur following inheritance 
or spontaneous mutations in mitochondrial or nuclear DNA 
that lead to altered functions of the mitochondrial pro-
teins (or RNA). Depending on the target cell and/or tissues 
aff ected, symptoms resulting from mitochondrial diseases 
may include altered motor control, altered muscle output, 
gastrointestinal dysfunction, altered growth, diabetes, sei-
zures, visual/hearing problems, lactic acidosis, developmen-
tal delays, susceptibility to infection or, cardiac, liver and 
respiratory disease. Although there is evidence for tissue-
specifi c isoforms of mitochondrial proteins, mutations in 
these proteins do not fully explain the highly variable pat-
terns or targeted organ systems observed with mitochon-
drial diseases. 

  THERAPEUTIC HIGHLIGHTS  

 With the diversity of disease types and the overall 
importance of mitochondria in energy production, it 
is not surprising that there is no single cure for mito-
chondrial diseases and focus remains on treating the 
symptoms when possible. For example, in some mi-
tochondrial myopathies (ie, mitochondrial diseases 
associated with neuromuscular function), physical 
therapy may help to extend the range of movement 
of muscles and improve dexterity. 

 TABLE 21 Some of the enzymes found in 
lysosomes and the cell components that are their 
substrates. 

Enzyme Substrate

Ribonuclease RNA

Deoxyribonuclease DNA

Phosphatase Phosphate esters

Glycosidases Complex carbohydrates; glycosides 
and polysaccharides

Arylsulfatases Sulfate esters

Collagenase Collagens

Cathepsins Proteins

 CLINICAL BOX 2–2 

  Lysosomal Diseases  
 When a lysosomal enzyme is congenitally absent, the lyso-
somes become engorged with the material the enzyme 
normally degrades. This eventually leads to one of the 
lysosomal diseases  (also called lysosomal storage diseases) .  
There are over 50 such diseases currently recognized. 
For example, Fabry disease is caused by a defi ciency in 
α-galactosidase; Gaucher disease is caused by a defi ciency 
in β-galactocerebrosidase and Tay–Sachs disease, which 
causes mental retardation and blindness, is caused by the 
loss of hexosaminidase A, a lysosomal enzyme that catalyzes 
the biodegradation of gangliosides (fatty acid derivatives). 
Such individual lysosomal diseases are rare, but they are 
serious and can be fatal. 

  THERAPEUTIC HIGHLIGHTS  

 Since there are many diff erent lysosomal disorders, 
treatments vary considerably and “cures” remain 
elusive for most of these diseases. Much of the care 
is focused on managing symptoms of each specifi c 
disorder. Enzyme replacement therapy has shown to 
be eff ective for certain lysosomal diseases, includ-
ing Gaucher’s disease and Fabry’s disease. How-
ever, the long-term eff ectiveness and the tissue 
specifi c eff ects of many of the enzyme replacement 
treatments have not yet been established. Alterna-
tive approaches include bone marrow or stem cell 
transplantation. Again, these are limited in use and 
medical advances are necessary to fully combat this 
group of diseases. 
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40 SECTION I Cellular and Molecular Basis for Medical Physiology

       PEROXISOMES 
 Peroxisomes are 0.5 μm in diameter, are surrounded by a 
membrane, and contain enzymes that can either produce 
H 2 O 2   (oxidases)  or break it down  (catalases).  Proteins are 
directed to the peroxisome by a unique signal sequence with 
the help of protein chaperones,  peroxins.  Th e peroxisome 
membrane contains a number of peroxisome-specifi c proteins 
that are concerned with transport of substances into and out of 
the matrix of the peroxisome. Th e matrix contains more than 
40 enzymes, which operate in concert with enzymes outside 
the peroxisome to catalyze a variety of anabolic and catabolic 
reactions (eg, breakdown of lipids). Peroxisomes can form by 
budding of the endoplasmic reticulum, or by division. A num-
ber of synthetic compounds were found to cause proliferation 
of peroxisomes by acting on receptors in the nuclei of cells. 
Th ese  peroxisome proliferator-activated receptors (PPARs)  
are members of the nuclear receptor superfamily. When acti-
vated, they bind to DNA, producing changes in the production 
of mRNAs. Th e known eff ects for PPARs are extensive and can 
aff ect most tissues and organs. 

   CYTOSKELETON 
 All cells have a  cytoskeleton , a system of fi bers that not only 
maintains the structure of the cell but also permits it to change 
shape and move. Th e cytoskeleton is made up primarily of 
 microtubules, intermediate fi laments,  and  microfi laments  
( Figure 2–5 ), along with proteins that anchor them and tie 
them together. In addition, proteins and organelles move along 
microtubules and microfi laments from one part of the cell to 
another, propelled by molecular motors. 

   Microtubules  ( Figure 2–5  and  Figure 2–6 ) are long, hol-
low structures with 5-nm walls surrounding a cavity 15 nm in 
diameter. Th ey are made up of two globular protein subunits: 
α- and β-tubulin. A third subunit, γ-tubulin, is associated with 
the production of microtubules by the centrosomes. Th e α and 
β subunits form heterodimers, which aggregate to form long 

tubes made up of stacked rings, with each ring usually con-
taining 13 subunits. Th e tubules interact with GTP to facilitate 
their formation. Although microtubule subunits can be added 
to either end, microtubules are polar with assembly predomi-
nating at the “+” end and disassembly predominating at the 
“–” end. Both processes occur simultaneously in vitro. Th e 
growth of microtubules is temperature sensitive (disassembly 
is favored under cold conditions) as well as under the control 
of a variety of cellular factors that can directly interact with 
microtubules in the cell. 

  Because of their constant assembly and disassembly, 
microtubules are a dynamic portion of the cytoskeleton. Th ey 
provide the tracks along which several diff erent molecular 
motors move transport vesicles, organelles such as secre-
tory granules, and mitochondria from one part of the cell to 
another. Th ey also form the spindle, which moves the chromo-
somes in mitosis. Cargo can be transported in either direction 
on microtubules. 

 Th ere are several drugs available that disrupt cellular 
function through interaction with microtubules. Microtubule 
assembly is prevented by colchicine and vinblastine. Th e 
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 FIGURE 25     Cytoskeletal elements of the cell.  Artistic 
impressions that depict the major cytoskeletal elements are shown 
on the left, with basic properties of these elements on the right. 
(Reproduced with permission from Widmaier EP, Raff  H, Strang KT:  Vander’s Human 
Physiology: The Mechanisms of Body Function , 11th ed. McGraw-Hill, 2008.)  

MF

MT

   FIGURE 26     Microfi laments and microtubules.  Electron-
micrograph  (Left)  of the cytoplasm of a fi broblast, displaying actin 
microfi laments (MF) and microtubules (MT). Fluorescent micrographs 
of airway epithelial cells displaying actin microfi laments stained with 

phalloidin  (Middle)  and microtubules visualized with an antibody to 
β-tubulin  (Right) . Both fl uorescent micrographs are counterstained 
with Hoechst dye (blue) to visualize nuclei. Note the distinct 
diff erences in cytoskeletal structure. (For left; Courtesy of E Katchburian.)  
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CHAPTER 2 Overview of Cellular Physiology in Medical Physiology 41

anticancer drug  paclitaxel (Taxol)  binds to microtubules and 
makes them so stable that organelles cannot move. Mitotic 
spindles cannot form, and the cells die. 

  Intermediate fi laments  ( Figure 2–5   ) are 8–14 nm in 
diameter and are made up of various subunits. Some of these 
fi laments connect the nuclear membrane to the cell mem-
brane. Th ey form a fl exible scaff olding for the cell and help it 
resist external pressure. In their absence, cells rupture more 
easily, and when they are abnormal in humans, blistering of 
the skin is common. Th e proteins that make up intermediate 
fi laments are cell-type specifi c, and are thus frequently used as 
cellular markers. For example, vimentin is a major intermedi-
ate fi lament in fi broblasts, whereas cytokeratin is expressed in 
epithelial cells. 

  Microfi laments  ( Figures 2–5  and  2–6 ) are long solid fi bers 
with a 4–6 nm diameter that are made up of  actin.  Although 
actin is most oft en associated with muscle contraction, it is 
present in all types of cells. It is the most abundant protein in 
mammalian cells, sometimes accounting for as much as 15% 
of the total protein in the cell. Its structure is highly conserved; 
for example, 88% of the amino acid sequences in yeast and 
rabbit actin are identical. Actin fi laments polymerize and 
depolymerize in vivo, and it is not uncommon to fi nd polym-
erization occurring at one end of the fi lament while depo-
lymerization is occurring at the other end.  Filamentous (F) 
actin  refers to intact microfi laments and  globular (G) actin  
refers to the unpolymerized protein actin subunits. F-actin 
fi bers attach to various parts of the cytoskeleton and can inter-
act directly or indirectly with membrane-bound proteins. 
Th ey reach to the tips of the microvilli on the epithelial cells 
of the intestinal mucosa. Th ey are also abundant in the lamel-
lipodia that cells put out when they crawl along surfaces. Th e 
actin fi laments interact with integrin receptors and form  focal 

adhesion complexes,  which serve as points of traction with 
the surface over which the cell pulls itself. In addition, some 
molecular motors use microfi laments as tracks. 

   MOLECULAR MOTORS 
 Th e molecular motors that move proteins, organelles, and 
other cell parts (collectively referred to as “cargo”) to all parts 
of the cell are 100–500 kDa ATPases. Th ey attach to their cargo 
at one end of the molecule and to microtubules or actin poly-
mers with the other end, sometimes referred to as the “head.” 
Th ey convert the energy of ATP into movement along the 
cytoskeleton, taking their cargo with them. Th ere are three 
super families of molecular motors:  kinesin ,  dynein , and 
 myosin.  Examples of individual proteins from each superfam-
ily are shown in  Figure 2–7 . It is important to note that there is 
extensive variation among superfamily members, allowing for 
the specialization of function (eg, choice of cargo, cytoskeletal 
fi lament type, and/or direction of movement). 

  Th e conventional form of  kinesin  is a doubleheaded 
molecule that tends to move its cargo toward the “+” ends of 
microtubules. One head binds to the microtubule and then 
bends its neck while the other head swings forward and binds, 
producing almost continuous movement. Some kinesins are 
associated with mitosis and meiosis. Other kinesins perform 
diff erent functions, including, in some instances, moving cargo 
to the “–” end of microtubules.  Dyneins  have two heads, with 
their neck pieces embedded in a complex of proteins.  Cytoplas-
mic dyneins  have a function like that of conventional kinesin, 
except they tend to move particles and membranes to the “–” 
end of the microtubules. Th e multiple forms of  myosin  in the 
body are divided into 18 classes. Th e heads of myosin mole-
cules bind to actin and produce motion by bending their neck 
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 FIGURE 27     Three examples of molecular motors.  Conventional kinesin is shown attached to cargo, in this case a membrane-bound 
organelle. The way that myosin V “walks” along a microtubule is also shown. Note that the heads of the motors hydrolyze ATP and use the energy 
to produce motion.  
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42 SECTION I Cellular and Molecular Basis for Medical Physiology

regions (myosin II) or walking along microfi laments, one head 
aft er the other (myosin V). In these ways, they perform func-
tions as diverse as contraction of muscle and cell migration. 

   CENTROSOMES 
 Near the nucleus in the cytoplasm of eukaryotic animal cells is 
a  centrosome.  Th e centrosome is made up of two  centrioles
and surrounding amorphous  pericentriolar material.  Th e 
centrioles are short cylinders arranged so that they are at 
right angles to each other. Microtubules in groups of three 
run longitudinally in the walls of each centriole ( Figure 2–1 ). 
Nine of these triplets are spaced at regular intervals around the 
circumference. 

 Th e centrosomes are  microtubule-organizing centers 
(MTOCs)  that contain γ-tubulin. Th e microtubules grow out 
of this γ-tubulin in the pericentriolar material. When a cell 
divides, the centrosomes duplicate themselves, and the pairs 
move apart to the poles of the mitotic spindle, where they 
monitor the steps in cell division. In multinucleate cells, a cen-
trosome is near each nucleus. 

   CILIA 
Cilia  are specialized cellular projections that are used by 
unicellular organisms to propel themselves through liquid 
and by multicellular organisms to propel mucus and other 
substances over the surface of various epithelia. Additionally, 
virtually all cells in the human body contain a primary cilium 
that emanates from the surface. Th e primary cilium serves as a 
sensory organelle that receives both mechanical and chemical 
signals from other cells and the environment. Cilia are func-
tionally indistinct from the eukaryotic fl agella of sperm cells. 
Within the cilium there is an  axoneme  that comprises a unique 
arrangement of nine outer microtubule doublets and two inner 
microtubules (“9+2” arrangement). Along this cytoskeleton is 
axonemal dynein.  Coordinated dynein–microtubule interac-
tions within the axoneme are the basis of ciliary and sperm 
movement. At the base of the axoneme and just inside lies the 
basal body.  It has nine circumferential triplet microtubules, 
like a centriole, and there is evidence that basal bodies and 
centrioles are interconvertible. A wide variety of diseases and 
disorders arise from dysfunctional cilia ( Clinical Box 2–3 ). 

    CELL ADHESION MOLECULES 
 Cells are attached to the basal lamina and to each other by 
CAMs  that are prominent parts of the intercellular connections 
described below. Th ese adhesion proteins have attracted great 
attention in recent years because of their unique structural 
and signaling functions found to be important in embryonic 
development and formation of the nervous system and other 
tissues, in holding tissues together in adults, in infl ammation 
and wound healing, and in the metastasis of tumors. Many 
CAMs pass through the cell membrane and are anchored to 
the cytoskeleton inside the cell. Some bind to like molecules on 

other cells (homophilic binding), whereas others bind to non-
self molecules (heterophilic binding). Many bind to  laminins ,
a family of large cross-shaped molecules with multiple recep-
tor domains in the extracellular matrix. 

 Nomenclature in the CAM fi eld is somewhat chaotic, 
partly because the fi eld is growing so rapidly and partly 
because of the extensive use of acronyms, as in other areas 
of modern biology. However, the CAMs can be divided into 
four broad families: (1)  integrins , heterodimers that bind to 
various receptors; (2) adhesion molecules of the  IgG super-
family  of immunoglobulins; (3)  cadherins , Ca 2+ -dependent 
molecules that mediate cell-to-cell adhesion by homophilic 
reactions; and (4)  selectins , which have lectin-like domains 
that bind carbohydrates. Specifi c functions of some of these 
molecules are addressed in later chapters. 

 Th e CAMs not only fasten cells to their neighbors, but 
they also transmit signals into and out of the cell. For example, 
cells that lose their contact with the extracellular matrix via 
integrins have a higher rate of apoptosis than anchored cells, 
and interactions between integrins and the cytoskeleton are 
involved in cell movement. 

 CLINICAL BOX 2–3 

  Ciliary Diseases  
  Primary ciliary dyskinesia  refers to a set of inherited dis-
orders that limit ciliary structure and/or function. Disorders 
associated with ciliary dysfunction have long been recog-
nized in the conducting airway. Altered ciliary function in 
the conducting airway can slow the mucociliary escalator 
and result in airway obstruction and increased infection. 
Dysregulation of ciliary function in sperm cells has also been 
well characterized to result in loss of motility and infertility. 
Ciliary defects in the function or structure of primary cilia 
have been shown to have eff ects on a variety of tissues/or-
gans. As would be expected, such diseases are quite varied 
in their presentation, largely due to the aff ected tissue and 
include mental retardation, retinal blindness, obesity, poly-
cystic kidney disease, liver fi brosis, ataxia, and some forms 
of cancer. 

  THERAPEUTIC HIGHLIGHTS  

 The severity in ciliary disorders can vary widely, and 
treatments targeted to individual organs also vary. 
Treatment of ciliary dyskinesia in the conducting air-
way is focused on keeping the airways clear and free 
of infection. Strategies include routine washing and 
suctioning of the sinus cavities and ear canals and lib-
eral use of antibiotics. Other treatments that keep the 
airway from being obstructed (eg, bronchodilators, 
mucolytics, and steroids) are also commonly used. 
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   INTERCELLULAR CONNECTIONS 
 Intercellular junctions that form between the cells in tis-
sues can be broadly split into two groups: junctions that 
fasten the cells to one another and to surrounding tissues, 
and junctions that permit transfer of ions and other mol-
ecules from one cell to another. Th e types of junctions that 
tie cells together and endow tissues with strength and sta-
bility include  tight junctions , which are also known as 
the  zonula occludens  ( Figure 2–8 ). Th e  desmosome  and 
 zonula adherens  also help to hold cells together, and the 
 hemidesmosome  and  focal adhesions  attach cells to their 
basal laminas. Th e  gap junction  forms a cytoplasmic “tun-
nel” for diff usion of small molecules (< 1000 Da) between 
two neighboring cells. 

  Tight junctions characteristically surround the api-
cal margins of the cells in epithelia such as the intestinal 
mucosa, the walls of the renal tubules, and the choroid 
plexus. Th ey are also important to endothelial barrier func-
tion. Th ey are made up of ridges—half from one cell and half 
from the other—which adhere so strongly at cell junctions 
that they almost obliterate the space between the cells. Th ere 
are three main families of transmembrane proteins that con-
tribute to tight junctions:  occludin, junctional adhesion 
molecules (JAMs),  and  claudins;  and several more proteins 
that interact from the cytosolic side. Tight junctions permit 
the passage of some ions and solute in between adjacent 
cells  (paracellular pathway)  and the degree of this “leaki-
ness” varies, depending in part on the protein makeup of the 

tight junction. Extracellular fl uxes of ions and solute across 
epithelia at these junctions are a signifi cant part of overall 
ion and solute fl ux. In addition, tight junctions prevent the 
movement of proteins in the plane of the membrane, help-
ing to maintain the diff erent distribution of transporters and 
channels in the apical and basolateral cell membranes that 
make transport across epithelia possible. 

 In epithelial cells, each zonula adherens is usually a con-
tinuous structure on the basal side of the zonula occludens, 
and it is a major site of attachment for intracellular microfi la-
ments. It contains cadherins. 

 Desmosomes are patches characterized by apposed thick-
enings of the membranes of two adjacent cells. Attached to 
the thickened area in each cell are intermediate fi laments, 
some running parallel to the membrane and others radiat-
ing away from it. Between the two membrane thickenings the 
intercellular space contains fi lamentous material that includes 
cadherins and the extracellular portions of several other trans-
membrane proteins. 

 Hemidesmosomes look like half-desmosomes that attach 
cells to the underlying basal lamina and are connected intra-
cellularly to intermediate fi laments. However, they contain 
integrins rather than cadherins. Focal adhesions also attach 
cells to their basal laminas. As noted previously, they are labile 
structures associated with actin fi laments inside the cell, and 
they play an important role in cell movement. 

   GAP JUNCTIONS 
 At gap junctions, the intercellular space narrows from 25 to 
3 nm, and units called  connexons  in the membrane of each 
cell are lined up with one another to form the dodecameric 
gap junction ( Figure 2–9 ). Each connexon is made up of six 
protein subunits called  connexins.  Th ey surround a channel 
that, when lined up with the channel in the corresponding 
connexon in the adjacent cell, permits substances to pass 
between the cells without entering the ECF. Th e diameter 
of the channel is normally about 2 nm, which permits the 
passage of ions, sugars, amino acids, and other solutes with 
molecular weights up to about 1000. Gap junctions thus 
permit the rapid propagation of electrical activity from cell to 
cell, as well as the exchange of various chemical messengers. 
However, the gap junction channels are not simply passive, 
nonspecifi c conduits. At least 20 diff erent genes code for 
connexins in humans, and mutations in these genes can lead 
to diseases that are highly selective in terms of the tissues 
involved and the type of communication between cells pro-
duced ( Clinical Box 2–4 ). Experiments in which particular 
connexins are deleted by gene manipulation or replaced with 
diff erent connexins confi rm that the particular connexin 
subunits that make up connexons determine their perme-
ability and selectivity. It should be noted that connexons can 
also provide a conduit for regulated passage of small mol-
ecules between the cytoplasm and the ECF. Such movement 
can allow additional signaling pathways between and among 
cells in a tissue. 
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 FIGURE 28     Intercellular junctions in the mucosa of the 
small intestine.  Tight junctions (zonula occludens), adherens 
junctions (zonula adherens), desmosomes, gap junctions, and 
hemidesmosomes are all shown in relative positions in a polarized 
epithelial cell.  
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     NUCLEUS & RELATED 
STRUCTURES 
 A nucleus is present in all eukaryotic cells that divide. Th e 
nucleus is made up in large part of the  chromosomes,  the 
structures in the nucleus that carry a complete blueprint for all 
the heritable species and individual characteristics of the ani-
mal. Except in germ cells, the chromosomes occur in pairs, one 
originally from each parent. Each chromosome is made up of 

a giant molecule of  DNA . Th e DNA strand is about 2 m long, 
but it can fi t in the nucleus because at intervals it is wrapped 
around a core of histone proteins to form a  nucleosome.  Th ere 
are about 25 million nucleosomes in each nucleus. Th us, the 
structure of the chromosomes has been likened to a string of 
beads. Th e beads are the nucleosomes, and the linker DNA 
between them is the string. Th e whole complex of DNA and 
proteins is called  chromatin.  During cell division, the coil-
ing around histones is loosened, probably by acetylation of 

 FIGURE 29     Gap junction connecting the cytoplasm of 
two cells.  A) A gap junction plaque, or collection of individual gap 
junctions, is shown to form multiple pores between cells that allow 
for the transfer of small molecules. Inset is electronmicrograph 
from rat liver (N. Gilula). B) Topographical depiction of individual 

connexon and corresponding six connexin proteins that traverse 
the membrane. Note that each connexin traverses the membrane 
four times. (Reproduced with permission from Kandel ER, Schwartz JH, Jessell TM 
(editors):  Principles of Neural Science , 4th ed. McGraw-Hill, 2000.)  
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the histones, and pairs of chromosomes become visible, but 
between cell divisions only clumps of chromatin can be dis-
cerned in the nucleus. Th e ultimate units of heredity are the 
 genes  on the chromosomes). As discussed in  Chapter 1 , each 
gene is a portion of the DNA molecule. 

 Th e nucleus of most cells contains a  nucleolus  ( Fig-
ure 2–1 ), a patchwork of granules rich in  RNA.  In some cells, 
the nucleus contains several of these structures. Nucleoli are 
most prominent and numerous in growing cells. Th ey are the 
site of synthesis of ribosomes, the structures in the cytoplasm 
in which proteins are synthesized. 

 Th e interior of the nucleus has a skeleton of fi ne fi laments 
that are attached to the  nuclear membrane,  or  envelope  
( Figure 2–1 ), which surrounds the nucleus. Th is membrane is a 
double membrane, and spaces between the two folds are called 
 perinuclear cisterns.  Th e membrane is permeable only to 
small molecules. However, it contains  nuclear pore complexes.  
Each complex has eightfold symmetry and is made up of about 
100 proteins organized to form a tunnel through which trans-
port of proteins and mRNA occurs. Th ere are many transport 
pathways; many proteins that participate in these pathways, 
including  importins  and  exportins  have been isolated and 
characterized. Much current research is focused on transport 
into and out of the nucleus, and a more detailed understanding 
of these processes should emerge in the near future. 

   ENDOPLASMIC RETICULUM 
 Th e  endoplasmic reticulum  is a complex series of tubules 
in the cytoplasm of the cell ( Figure 2–1 ;  Figure 2–10 ; and 
Figure  2–11 ). Th e inner limb of its membrane is continuous 
with a segment of the nuclear membrane, so in eff ect this part 
of the nuclear membrane is a cistern of the endoplasmic retic-
ulum. Th e tubule walls are made up of membrane. In  rough,  
or  granular, endoplasmic reticulum,  ribosomes are attached 
to the cytoplasmic side of the membrane, whereas in  smooth,  
or  agranular, endoplasmic reticulum,  ribosomes are absent. 
Free ribosomes are also found in the cytoplasm. Th e granular 
endoplasmic reticulum is concerned with protein synthesis 

 CLINICAL BOX 2–4 

  Connexins in Disease  
 In recent years, there has been an explosion of information 
related to the in vivo functions of connexins, growing out 
of work on connexin knock-outs in mice and the analysis 
of mutations in human connexins. The mouse knock-outs 
demonstrated that connexin deletions lead to electrophysi-
ological defects in the heart and predisposition to sudden 
cardiac death, female sterility, abnormal bone develop-
ment, abnormal growth in the liver, cataracts, hearing loss, 
and a host of other abnormalities. Information from these 
and other studies has allowed for the identifi cation of sev-
eral connexin mutations now known to be responsible for 
almost 20 diff erent human diseases. These diseases include 
several skin disorders such as Clouston Syndrome (a con-
nexin 30 (Cx30) defect) and erythrokeratoderma variabi-
lis (Cx30.3 and Cx31); inherited deafness (Cx26, Cx30, and 
Cx31); predisposition to myoclonic epilepsy (Cx36), predis-
position to arteriosclerosis (Cx37); cataract (Cx46 and Cx50); 
idiopathic atrial fi brillation (Cx40); and X-linked Charcot-Ma-
rie-Tooth disease (Cx32). It is interesting to note that each of 
these target tissues for disease contain other connexins that 
do not fully compensate for loss of the crucial connexins in 
disease development. Understanding how loss of individual 
connexins alters cell physiology to contribute to these and 
other human diseases is an area of intense research. 
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 FIGURE 210     Rough endoplasmic reticulum and protein 
translation.  Messenger RNA and ribosomes meet up in the cytosol 
for translation. Proteins that have appropriate signal peptides begin 
translation, and then associate with the endoplasmic reticulum 
(ER) to complete translation. The association of ribosomes is what 
gives the ER its “rough” appearance. (Reproduced with permission from 
Widmaier EP, Raff  H, Strang KT:  Vander’s Human Physiology: The Mechanisms of Body 
Function , 11th ed. McGraw-Hill, 2008.)  
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and the initial folding of polypeptide chains with the forma-
tion of disulfi de bonds. Th e agranular endoplasmic reticulum 
is the site of steroid synthesis in steroid-secreting cells and 
the site of detoxifi cation processes in other cells. A modifi ed 
endoplasmic reticulum, the sarcoplasmic reticulum, plays an 
important role in skeletal and cardiac muscle. In particular, 
the endoplasmic or sarcoplasmic reticulum can sequester Ca 2+  
ions and allow for their release as signaling molecules in the 
cytosol. 

     RIBOSOMES 
 Th e ribosomes in eukaryotes measure approximately 22 × 
32 nm. Each is made up of a large and a small subunit called, 
on the basis of their rates of sedimentation in the ultracentri-
fuge, the 60S and 40S subunits. Th e ribosomes are complex 
structures, containing many diff erent proteins and at least 
three ribosomal RNAs. Th ey are the sites of protein synthesis. 
Th e ribosomes that become attached to the endoplasmic retic-
ulum synthesize all transmembrane proteins, most secreted 
proteins, and most proteins that are stored in the Golgi appa-
ratus, lysosomes, and endosomes. Th ese proteins typically 
have a hydrophobic  signal peptide  at one end ( Figure 2–10 ). 
Th e polypeptide chains that form these proteins are extruded 
into the endoplasmic reticulum. Th e free ribosomes synthe-
size cytoplasmic proteins such as hemoglobin and the proteins 
found in peroxisomes and mitochondria. 

   GOLGI APPARATUS & 
VESICULAR TRAFFIC 
 Th e Golgi apparatus is a collection of membrane-enclosed sacs 
(cisternae) that are stacked like dinner plates ( Figure 2–1 ). 
One or more Golgi apparati are present in all eukaryotic 
cells, usually near the nucleus. Much of the organization of 
the Golgi is directed at proper glycosylation of proteins and 

lipids. Th ere are more than 200 enzymes that function to add, 
remove, or modify sugars from proteins and lipids in the 
Golgi apparatus. 

 Th e Golgi apparatus is a polarized structure, with cis and 
trans sides ( Figures 2–1 ;  2–10 ;  2–11 ). Membranous vesicles 
containing newly synthesized proteins bud off  from the granu-
lar endoplasmic reticulum and fuse with the cistern on the cis 
side of the apparatus. Th e proteins are then passed via other 
vesicles to the middle cisterns and fi nally to the cistern on the 
trans side, from which vesicles branch off  into the cytoplasm. 
From the trans Golgi, vesicles shuttle to the lysosomes and to 
the cell exterior via constitutive and nonconstitutive pathways, 
both involving  exocytosis.  Conversely, vesicles are pinched off  
from the cell membrane by  endocytosis  and pass to endo-
somes. From there, they are recycled. 

 Vesicular traffi  c in the Golgi, and between other membra-
nous compartments in the cell, is regulated by a combination 
of common mechanisms along with special mechanisms that 
determine where inside the cell they will go. One prominent 
feature is the involvement of a series of regulatory proteins 
controlled by GTP or GDP binding  (small G proteins)  associ-
ated with vesicle assembly and delivery. A second prominent 
feature is the presence of proteins called SNAREs (for soluble 
N-ethylmaleimide-sensitive factor attachment receptor). Th e 
v- (for vesicle) SNAREs on vesicle membranes interact in a 
lock-and-key fashion with t- (for target) SNAREs. Individual 
vesicles also contain structural protein or lipids in their mem-
brane that help to target them for specifi c membrane compart-
ments (eg, Golgi sacs, cell membranes). 

   QUALITY CONTROL 
 Th e processes involved in protein synthesis, folding, and 
migration to the various parts of the cell are so complex that 
it is remarkable that more errors and abnormalities do not 
occur. Th e fact that these processes work as well as they do 
is because of mechanisms at each level that are responsible 
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 FIGURE 211     Cellular structures involved in protein processing . See text for details.  
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for “quality control.” Damaged DNA is detected and repaired 
or bypassed. Th e various RNAs are also checked during the 
translation process. Finally, when the protein chains are in the 
endoplasmic reticulum and Golgi apparatus, defective struc-
tures are detected and the abnormal proteins are degraded 
in lysosomes and proteasomes. Th e net result is a remarkable 
accuracy in the production of the proteins needed for normal 
body function. 

   APOPTOSIS 
 In addition to dividing and growing under genetic control, cells 
can die and be absorbed under genetic control. Th is process is 
called  programmed cell death,  or  apoptosis  (Gr. apo “away” + 
ptosis “fall”). It can be called “cell suicide” in the sense that the 
cell’s own genes play an active role in its demise. It should be 
distinguished from necrosis (“cell murder”), in which healthy 
cells are destroyed by external processes such as infl ammation. 

 Apoptosis is a very common process during develop-
ment and in adulthood. In the central nervous system (CNS), 
large numbers of neurons are produced and then die during 
the remodeling that occurs during development and synapse 
formation. In the immune system, apoptosis gets rid of inap-
propriate clones of immunocytes and is responsible for the 
lytic eff ects of glucocorticoids on lymphocytes. Apoptosis is 
also an important factor in processes such as removal of the 
webs between the fi ngers in fetal life and regression of duct 
systems in the course of sexual development in the fetus. In 

adults, it participates in the cyclic breakdown of the endome-
trium that leads to menstruation. In epithelia, cells that lose 
their connections to the basal lamina and neighboring cells 
undergo apoptosis. Th is is responsible for the death of the 
enterocytes sloughed off  the tips of intestinal villi. Abnormal 
apoptosis probably occurs in autoimmune diseases, neurode-
generative diseases, and cancer. It is interesting that apopto-
sis occurs in invertebrates, including nematodes and insects. 
However, its molecular mechanism is much more complex 
than that in vertebrates. 

 One fi nal common pathway bringing about apoptosis is 
activation of  caspases,  a group of cysteine proteases. Many of 
these have been characterized to date in mammals; 11 have been 
found in humans. Th ey exist in cells as inactive proenzymes 
until activated by the cellular machinery. Th e net result is DNA 
fragmentation, cytoplasmic and chromatin condensation, and 
eventually membrane bleb formation, with cell breakup and 
removal of the debris by phagocytes (see  Clinical Box 2–5 ). 

    TRANSPORT ACROSS 
CELL MEMBRANES 
 Th ere are several mechanisms of transport across cellular 
membranes. Primary pathways include exocytosis, endocy-
tosis, movement through ion channels, and primary and sec-
ondary active transport. Each of these are discussed below. 

 CLINICAL BOX 2–5 

  Molecular Medicine  
 Fundamental research on molecular aspects of genetics, regu-
lation of gene expression, and protein synthesis has been pay-
ing off  in clinical medicine at a rapidly accelerating rate. 

 One early dividend was an understanding of the mecha-
nisms by which antibiotics exert their eff ects. Almost all act 
by inhibiting protein synthesis at one or another of the steps 
described previously. Antiviral drugs act in a similar way; for 
example, acyclovir and ganciclovir act by inhibiting DNA poly-
merase. Some of these drugs have this eff ect primarily in bacte-
ria, but others inhibit protein synthesis in the cells of other ani-
mals, including mammals. This fact makes antibiotics of great 
value for research as well as for treatment of infections. 

 Single genetic abnormalities that cause over 600 human 
diseases have now been identifi ed. Many of the diseases are 
rare, but others are more common and some cause conditions 
that are severe and eventually fatal. Examples include the de-
fectively regulated Cl −  channel in cystic fi brosis and the unsta-
ble  trinucleotide repeats  in various parts of the genome that 
cause Huntington’s disease, the fragile X syndrome, and several 
other neurologic diseases. Abnormalities in mitochondrial DNA 

can also cause human diseases such as Leber’s hereditary op-
tic neuropathy and some forms of cardiomyopathy. Not sur-
prisingly, genetic aspects of cancer are probably receiving the 
greatest current attention. Some cancers are caused by  onco-
genes,  genes that are carried in the genomes of cancer cells 
and are responsible for producing their malignant properties. 
These genes are derived by somatic mutation from closely re-
lated  proto-oncogenes,  which are normal genes that control 
growth. Over 100 oncogenes have been described. Another 
group of genes produce proteins that suppress tumors, and 
more than 10 of these  tumor suppressor genes  have been 
described. The most studied of these is the p53 gene on hu-
man chromosome 17. The p53 protein produced by this gene 
triggers apoptosis. It is also a nuclear transcription factor that 
appears to increase production of a 21-kDa protein that blocks 
two cell cycle enzymes, slowing the cycle and permitting re-
pair of mutations and other defects in DNA. The p53 gene is 
mutated in up to 50% of human cancers, with the production 
of p53 proteins that fail to slow the cell cycle and permit other 
mutations in DNA to persist. The accumulated mutations even-
tually cause cancer. 
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  EXOCYTOSIS 
 Vesicles containing material for export are targeted to the cell 
membrane ( Figure 2–11 ), where they bond in a similar manner 
to that discussed in vesicular traffi  c between Golgi stacks, via 
the v-SNARE/t-SNARE arrangement. Th e area of fusion then 
breaks down, leaving the contents of the vesicle outside and 
the cell membrane intact. Th is is the Ca 2+ -dependent process 
of  exocytosis  ( Figure 2–12 ). 

  Note that secretion from the cell occurs via two pathways 
( Figure 2–11 ). In the  nonconstitutive pathway,  proteins 
from the Golgi apparatus initially enter secretory granules, 
where processing of prohormones to the mature hormones 
occurs before exocytosis. Th e other pathway, the  constitu-
tive pathway,  involves the prompt transport of proteins to 
the cell membrane in vesicles, with little or no processing 
or storage. Th e nonconstitutive pathway is sometimes called 
the  regulated pathway,  but this term is misleading because 
the output of proteins by the constitutive pathway is also 
regulated. 

   ENDOCYTOSIS 
 Endocytosis is the reverse of exocytosis. Th ere are various types 
of endocytosis named for the size of particles being ingested as 
well as the regulatory requirements for the particular process. 
Th ese include  phagocytosis, pinocytosis, clathrin-mediated 

endocytosis, caveolae-dependent uptake,  and  nonclathrin/
noncaveolae endocytosis.  

  Phagocytosis  (“cell eating”) is the process by which bac-
teria, dead tissue, or other bits of microscopic material are 
engulfed by cells such as the polymorphonuclear leukocytes 
of the blood. Th e material makes contact with the cell mem-
brane, which then invaginates. Th e invagination is pinched 
off , leaving the engulfed material in the membrane-enclosed 
vacuole and the cell membrane intact.  Pinocytosis  (“cell 
drinking”) is a similar process with the vesicles much smaller 
in size and the substances ingested are in solution. Th e small 
size membrane that is ingested with each event should not 
be misconstrued; cells undergoing active pinocytosis (eg, 
macrophages) can ingest the equivalent of their entire cell 
membrane in just 1 h. 

  Clathrin-mediated endocytosis  occurs at mem-
brane indentations where the protein  clathrin  accumu-
lates. Clathrin molecules have the shape of triskelions, with 
three “legs” radiating from a central hub ( Figure 2–13 ). 
As endocytosis progresses, the clathrin molecules form a 
geometric array that surrounds the endocytotic vesicle. At 
the neck of the vesicle, the GTP binding protein  dynamin  
is involved, either directly or indirectly, in pinching off  
the vesicle. Once the complete vesicle is formed, the clath-
rin falls off  and the three-legged proteins recycle to form 
another vesicle. Th e vesicle fuses with and dumps its con-
tents into an  early endosome  ( Figure 2–11 ). From the early 
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 FIGURE 212     Exocytosis and endocytosis.  Note that in exocytosis the cytoplasmic sides of two membranes fuse, whereas in endocytosis 
two noncytoplasmic sides fuse.  
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endosome, a new vesicle can bud off  and return to the cell 
membrane. Alternatively, the early endosome can become 
a  late endosome  and fuse with a lysosome ( Figure 2–11 ) 
in which the contents are digested by the lysosomal pro-
teases. Clathrin-mediated endocytosis is responsible for the 
internalization of many receptors and the ligands bound to 
them—including, for example, nerve growth factor (NGF) 
and low-density lipoproteins. It also plays a major role in 
synaptic function. 

  It is apparent that exocytosis adds to the total amount 
of membrane surrounding the cell, and if membrane were 
not removed elsewhere at an equivalent rate, the cell would 
enlarge. However, removal of cell membrane occurs by endo-
cytosis, and such exocytosis–endocytosis coupling maintains 
the surface area of the cell at its normal size. 

    RAFTS & CAVEOLAE 
 Some areas of the cell membrane are especially rich in choles-
terol and sphingolipids and have been called  raft s.  Th ese raft s 
are probably the precursors of fl ask-shaped membrane depres-
sions called  caveolae  (little caves) when their walls become 
infi ltrated with a protein called  caveolin  that resembles clath-
rin. Th ere is considerable debate about the functions of raft s 
and caveolae, with evidence that they are involved in cholesterol 
regulation and transcytosis. It is clear, however, that cholesterol 
can interact directly with caveolin, eff ectively limiting the pro-
tein’s ability to move around in the membrane. Internalization 
via caveolae involves binding of cargo to caveolin and regula-
tion by dynamin. Caveolae are prominent in endothelial cells, 
where they help in the uptake of nutrients from the blood. 

   COATS & VESICLE TRANSPORT 
 It now appears that all vesicles involved in transport have pro-
tein coats. In humans, over 50 coat complex subunits have 
been identifi ed. Vesicles that transport proteins from the trans 
Golgi to lysosomes have  assembly protein 1 (AP-1)  clathrin 
coats, and endocytotic vesicles that transport to endosomes 
have AP-2 clathrin coats. Vesicles that transport between the 
endoplasmic reticulum and the Golgi have coat proteins I 
and II (COPI and COPII). Certain amino acid sequences or 

attached groups on the transported proteins target the proteins 
for particular locations. For example, the amino acid sequence 
Asn–Pro–any amino acid–Tyr targets transport from the cell 
surface to the endosomes, and mannose-6-phosphate groups 
target transfer from the Golgi to mannose-6-phosphate recep-
tors (MPR) on the lysosomes. 

 Various small G proteins of the Rab family are especially 
important in vesicular traffi  c. Th ey appear to guide and facili-
tate orderly attachments of these vesicles. To illustrate the 
complexity of directing vesicular traffi  c, humans have 60 Rab 
proteins and 35 SNARE proteins. 

   MEMBRANE PERMEABILITY 
& MEMBRANE TRANSPORT 
PROTEINS 
 An important technique that has permitted major advances in 
our knowledge about transport proteins is  patch clamping.  A 
micropipette is placed on the membrane of a cell and forms a tight 
seal to the membrane. Th e patch of membrane under the pipette 
tip usually contains only a few transport proteins, allowing for 
their detailed biophysical study ( Figure 2–14 ). Th e cell can be 
left  intact  (cell-attached patch clamp).  Alternatively, the patch 
can be pulled loose from the cell, forming an  inside-out patch.  
A third alternative is to suck out the patch with the micropipette 
still attached to the rest of the cell membrane, providing direct 
access to the interior of the cell  (whole cell recording).  

Inside-out patch

Cell
membrane

Pipette

Electrode

Closed

Open
ms

pA

 FIGURE 214     Patch clamp to investigate transport.  In a patch 
clamp experiment, a small pipette is carefully maneuvered to seal off  
a portion of a cell membrane. The pipette has an electrode bathed in 
an appropriate solution that allows for recording of electrical changes 
through any pore in the membrane (shown below). The illustrated 
setup is termed an “inside-out patch” because of the orientation of 
the membrane with reference to the electrode. Other confi gurations 
include cell attached, whole cell, and outside-out patches. (Modifi ed 
from Ackerman MJ, Clapham DE: Ion channels: Basic science and clinical disease. 
N Engl J Med 1997;336:1575.)  

 FIGURE 213     Clathrin molecule on the surface of an 
endocytotic vesicle.  Note the characteristic triskelion shape and 
the fact that with other clathrin molecules it forms a net supporting 
the vesicle.  
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50 SECTION I Cellular and Molecular Basis for Medical Physiology

  Small, nonpolar molecules (including O 2  and N 2 ) and 
small uncharged polar molecules such as CO 2  diff use across 
the lipid membranes of cells. However, the membranes have 
very limited permeability to other substances. Instead, they 
cross the membranes by endocytosis and exocytosis and by 
passage through highly specifi c  transport proteins,  trans-
membrane proteins that form channels for ions or transport 
substances such as glucose, urea, and amino acids. Th e lim-
ited permeability applies even to water, with simple diff usion 
being supplemented throughout the body with various water 
channels  (aquaporins).  For reference, the sizes of ions and 
other biologically important substances are summarized in 
 Table 2–2 . 

    Some transport proteins are simple aqueous  ion chan-
nels,  though many of these have special features that make 
them selective for a given substance such as Ca 2+  or, in the case 
of aquaporins, for water. Th ese membrane-spanning proteins 
(or collections of proteins) have tightly regulated pores that 
can be  gated  opened or closed in response to local changes 
( Figure 2–15 ). Some are gated by alterations in membrane 
potential  (voltage-gated),  whereas others are opened or 
closed in response to a ligand  (ligand-gated).  Th e ligand is 
oft en external (eg, a neurotransmitter or a hormone). How-
ever, it can also be internal; intracellular Ca 2+ , cAMP, lipids, 
or one of the G proteins produced in cells can bind directly to 
channels and activate them. Some channels are also opened by 
mechanical stretch, and these mechanosensitive channels play 
an important role in cell movement. 

  Other transport proteins are  carriers  that bind ions and 
other molecules and then change their confi guration, moving 
the bound molecule from one side of the cell membrane to 
the other. Molecules move from areas of high concentration 
to areas of low concentration (down their  chemical gradient ), 

and cations move to negatively charged areas whereas anions 
move to positively charged areas (down their  electrical gradi-
ent ). When carrier proteins move substances in the direction 
of their chemical or electrical gradients, no energy input is 
required and the process is called  facilitated diff usion.  A typ-
ical example is glucose transport by the glucose transporter, 
which moves glucose down its concentration gradient from 
the ECF to the cytoplasm of the cell. Other carriers transport 

 TABLE 22 Size of hydrated ions and other 
substances of biologic interest. 

Substance Atomic or Molecular Weight Radius (nm)

Cl −     35 0.12

K +     39 0.12

H 2 O     18 0.12

Ca 2+     40 0.15

Na +     23 0.18

Urea     60 0.23

Li +      7 0.24

Glucose    180 0.38

Sucrose    342 0.48

Inulin   5000 0.75

Albumin 69,000 7.50

 Data from Moore EW:  Physiology of Intestinal Water and Electrolyte Absorption.  
American Gastroenterological Association, 1976. 
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 FIGURE 215     Regulation of gating in ion channels.  Several 
types of gating are shown for ion channels. A) Ligand-gated channels 
open in response to ligand binding. B) Protein phosphorylation 
or dephosphorylation regulate opening and closing of some ion 
channels. C) Changes in membrane potential alter channel openings. 
D) Mechanical stretch of the membrane results in channel opening. 
(Reproduced with permission from Kandel ER, Schwartz JH, Jessell TM (editors): 
 Principles of Neural Science , 4th ed. McGraw-Hill, 2000.)  
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substances against their electrical and chemical gradients. Th is 
form of transport requires energy and is called  active trans-
port.  In animal cells, the energy is provided almost exclusively 
by hydrolysis of ATP. Not surprisingly, therefore, many carrier 
molecules are ATPases, enzymes that catalyze the hydrolysis 
of ATP. One of these ATPases is  sodium–potassium adenos-
ine triphosphatase (Na, K ATPase),  which is also known as 
the  Na, K pump.  Th ere are also H, K ATPases in the gastric 
mucosa and the renal tubules. Ca 2+  ATPase pumps Ca 2+  out 
of cells. Proton ATPases acidify many intracellular organelles, 
including parts of the Golgi complex and lysosomes. 

 Some of the transport proteins are called  uniports  
because they transport only one substance. Others are 
called  symports  because transport requires the binding of 
more than one substance to the transport protein and the 
substances are transported across the membrane together. 
An example is the symport in the intestinal mucosa that is 
responsible for the cotransport of Na +  and glucose from the 
intestinal lumen into mucosal cells. Other transporters are 
called  antiports  because they exchange one substance for 
another. 

   ION CHANNELS 
 Th ere are ion channels specifi c for K + , Na + , Ca 2+ , and Cl − , as 
well as channels that are nonselective for cations or anions. 
Each type of channel exists in multiple forms with diverse 
properties. Most are made up of identical or very similar sub-
units.  Figure 2–16  shows the multiunit structure of various 
channels in diagrammatic cross-section. 

  Most K +  channels are tetramers, with each of the four 
subunits forming part of the pore through which K +  ions 
pass. Structural analysis of a bacterial voltage-gated K +  chan-
nel indicates that each of the four subunits have a paddle-
like extension containing four charges. When the channel is 
closed, these extensions are near the negatively charged inte-
rior of the cell. When the membrane potential is reduced, the 
paddles containing the charges bend through the membrane 

to its exterior surface, causing the channel to open. Th e bacte-
rial K +  channel is very similar to the voltage-gated K +  channels 
in a wide variety of species, including mammals. In the ace-
tylcholine ion channel and other ligand-gated cation or anion 
channels, fi ve subunits make up the pore. Members of the ClC 
family of Cl −  channels are dimers, but they have two pores, one 
in each subunit. Finally, aquaporins are tetramers with a water 
pore in each of the subunits. Recently, a number of ion chan-
nels with intrinsic enzyme activity have been cloned. More 
than 30 diff erent voltage-gated or cyclic nucleotide-gated Na +  
and Ca 2+  channels of this type have been described. Represen-
tative Na + , Ca 2+ , and K +  channels are shown in extended dia-
grammatic form in  Figure 2–17 . 

  Another family of Na +  channels with a diff erent structure 
has been found in the apical membranes of epithelial cells in 
the kidneys, colon, lungs, and brain. Th e  epithelial sodium 
channels (ENaCs)  are made up of three subunits encoded by 
three diff erent genes. Each of the subunits probably spans the 
membrane twice, and the amino terminal and carboxyl termi-
nal are located inside the cell. Th e α subunit transports Na + , 
whereas the β and γ subunits do not. However, the addition 
of the β and γ subunits increases Na +  transport through the α 
subunit. ENaCs are inhibited by the diuretic amiloride, which 
binds to the α subunit, and they used to be called  amiloride 
inhibitable Na  +   channels.  Th e ENaCs in the kidney play an 
important role in the regulation of ECF volume by aldoster-
one. ENaC knockout mice are born alive but promptly die 
because they cannot move Na + , and hence water, out of their 
lungs. 

 Humans have several types of Cl −  channels. Th e ClC 
dimeric channels are found in plants, bacteria, and animals, 
and there are nine diff erent ClC genes in humans. Other Cl −  
channels have the same pentameric form as the acetylcho-
line receptor; examples include the γ-aminobutyric acid A 
(GABA A ) and glycine receptors in the CNS. Th e cystic fi brosis 
transmembrane conductance regulator (CFTR) that is mutated 
in cystic fi brosis is also a Cl −  channel. Ion channel mutations 
cause a variety of  channelopathies— diseases that mostly 
aff ect muscle and brain tissue and produce episodic paralyses 
or convulsions, but are also observed in nonexcitable tissues 
( Clinical Box 2–6 ). 

    Na, K ATPase 
 As noted previously, Na, K ATPase catalyzes the hydrolysis of 
ATP to adenosine diphosphate (ADP) and uses the energy to 
extrude three Na +  from the cell and take two K +  into the cell 
for each molecule of ATP hydrolyzed. It is an  electrogenic 
pump  in that it moves three positive charges out of the cell 
for each two that it moves in, and it is therefore said to have 
a  coupling ratio  of 3:2. It is found in all parts of the body. 
Its activity is inhibited by ouabain and related digitalis glyco-
sides used in the treatment of heart failure. It is a heterodimer 
made up of an α subunit with a molecular weight of approxi-
mately 100,000 and a β subunit with a molecular weight of 
approximately 55,000. Both extend through the cell membrane 

 FIGURE 216     Diff erent ways in which ion channels form 
pores.  Many K +  channels are tetramers A), with each protein subunit 
forming part of the channel. In ligand-gated cation and anion 
channels B) such as the acetylcholine receptor, fi ve identical or very 
similar subunits form the channel. Cl −  channels from the ClC family 
are dimers C), with an intracellular pore in each subunit. Aquaporin 
water channels (D) are tetramers with an intracellular channel in each 
subunit. (Reproduced with permission from Jentsch TJ: Chloride channels are 
diff erent. Nature 2002;415:276.)  
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( Figure 2–18 ). Separation of the subunits eliminates activity. 
Th e β subunit is a glycoprotein, whereas Na +  and K +  transport 
occur through the α subunit. Th e β subunit has a single mem-
brane-spanning domain and three extracellular glycosyla-
tion sites, all of which appear to have attached carbohydrate 
residues. Th ese residues account for one third of its molecu-
lar weight. Th e α subunit probably spans the cell membrane 
10 times, with the amino and carboxyl terminals both located 

intracellularly. Th is subunit has intracellular Na + - and ATP-
binding sites and a phosphorylation site; it also has extracel-
lular binding sites for K +  and ouabain. Th e endogenous ligand 
of the ouabain-binding site is unsettled. When Na +  binds to 
the α subunit, ATP also binds and is converted to ADP, with a 
phosphate being transferred to Asp 376, the phosphorylation 
site. Th is causes a change in the confi guration of the protein, 
extruding Na +  into the ECF. K +  then binds extracellularly, 

 FIGURE 217     Diagrammatic representation of the pore-
forming subunits of three ion channels.  The α subunit of the Na +  
and Ca 2+  channels traverse the membrane 24 times in four repeats of 
six membrane-spanning units. Each repeat has a “P” loop between 
membrane spans 5 and 6 that does not traverse the membrane. 
These P loops are thought to form the pore. Note that span 4 of 

each repeat is colored in red, representing its net “+” charge. The K +  
channel has only a single repeat of the six spanning regions and P 
loop. Four K +  subunits are assembled for a functional K +  channel. 
(Reproduced with permission from Kandel ER, Schwartz JH, Jessell TM (editors): 
 Principles of Neural Science , 4th ed. McGraw-Hill, 2000.)  
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dephosphorylating the α subunit, which returns to its previous 
conformation, releasing K +  into the cytoplasm. 

  Th e α and β subunits are heterogeneous, with α 1 , α 2 , and 
α 3  subunits and β 1 , β 2 , and β 3  subunits described so far. Th e α 1  
isoform is found in the membranes of most cells, whereas α 2  
is present in muscle, heart, adipose tissue, and brain, and α 3  is 
present in heart and brain. Th e β 1  subunit is widely distributed 

but is absent in certain astrocytes, vestibular cells of the inner 
ear, and glycolytic fast-twitch muscles. Th e fast-twitch muscles 
contain only β 2  subunits. Th e diff erent α and β subunit struc-
tures of Na, K ATPase in various tissues probably represent 
specialization for specifi c tissue functions. 

   REGULATION OF Na, K ATPase 
 Th e amount of Na +  normally found in cells is not enough to 
saturate the pump, so if the Na +  increases, more is pumped 
out. Pump activity is aff ected by second messenger molecules 
(eg, cAMP and diacylglycerol [DAG]). Th e magnitude and 
direction of the altered pump eff ects vary with the experimen-
tal conditions. Th yroid hormones increase pump activity by 
a genomic action to increase the formation of Na, K ATPase 
molecules. Aldosterone also increases the number of pumps, 
although this eff ect is probably secondary. Dopamine in the 
kidney inhibits the pump by phosphorylating it, causing a 
natriuresis. Insulin increases pump activity, probably by a vari-
ety of diff erent mechanisms. 

   SECONDARY ACTIVE TRANSPORT 
 In many situations, the active transport of Na +  is coupled to the 
transport of other substances  (secondary active transport).  
For example, the luminal membranes of mucosal cells in the 
small intestine contain a symport that transports glucose into 
the cell only if Na +  binds to the protein and is transported into 
the cell at the same time. From the cells, the glucose enters the 
blood. Th e electrochemical gradient for Na +  is maintained by 
the active transport of Na +  out of the mucosal cell into ECF. 
Other examples are shown in  Figure 2–19 . In the heart, Na, 
K ATPase indirectly aff ects Ca 2+  transport. An antiport in the 
membranes of cardiac muscle cells normally exchanges intra-
cellular Ca 2+  for extracellular Na + . 

  Active transport of Na +  and K +  is one of the major energy-
using processes in the body. On the average, it accounts for 
about 24% of the energy utilized by cells, and in neurons it 
accounts for 70%. Th us, it accounts for a large part of the 
basal metabolism. A major payoff  for this energy use is the 
establishment of the electrochemical gradient in cells. 

   TRANSPORT ACROSS EPITHELIA 
 In the gastrointestinal tract, the pulmonary airways, the renal 
tubules, and other structures lined with polarized epithelial 
cells, substances enter one side of a cell and exit another, pro-
ducing movement of the substance from one side of the epi-
thelium to the other. For transepithelial transport to occur, the 
cells need to be bound by tight junctions and, obviously, have 
diff erent ion channels and transport proteins in diff erent parts 
of their membranes. Most of the instances of secondary active 
transport cited in the preceding paragraph involve transepi-
thelial movement of ions and other molecules. 

 CLINICAL BOX 2–6 

  Channelopathies  
 Channelopathies include a wide range of diseases that can 
aff ect both excitable (eg, neurons and muscle) and non-
excitable cells. Using molecular genetic tools, many of the 
pathological defects in channelopathies have been traced 
to mutations in single ion channels. Examples of channelop-
athies in excitable cells include periodic paralysis (eg, Kir2.1, 
a K +  channel subunit, or Na v 2.1, a Na +  channel subunit), 
myasthenia (eg, nicotinic Acetyl Choline Receptor, a ligand 
gated nonspecifi c cation channel), myotonia (eg, Kir1.1, a 
K +  channel subunit), malignant hypothermia (Ryanodine 
Receptor, a Ca 2+  channel), long QT syndrome (both Na +  and 
K +  channel subunit examples) and several other disorders. 
Examples of channelopathies in nonexcitable cells include 
the underlying cause for Cystic fi brosis (CFTR, a Cl -  channel) 
and a form of Bartter’s syndrome (Kir1.1, a K +  channel sub-
unit). Importantly, advances in treatment of these disorders 
can come from the understanding of the basic defect and 
tailoring drugs that act to alter the mutated properties of 
the aff ected channel. 
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 FIGURE 218     Na ,   K   ATPase.  The intracellular portion of the 
α subunit has a Na + -binding site  (1),  a phosphorylation site  (4),  and 
an ATP-binding site  (5).  The extracellular portion has a K + -binding site 
 (2)  and an ouabain-binding site  (3).  (From Horisberger J-D et al: Structure–
function relationship of Na, K ATPase. Annu Rev Physiol 1991;53:565. Reproduced 
with permission from the  Annual Review of Physiology , vol. 53. Copyright 1991 by 
Annual Reviews.)  
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54 SECTION I Cellular and Molecular Basis for Medical Physiology

   SPECIALIZED TRANSPORT 
ACROSS THE CAPILLARY WALL 
 Th e capillary wall separating plasma from interstitial fl uid 
is diff erent from the cell membranes separating interstitial 
fl uid from intracellular fl uid because the pressure diff erence 
across it makes  fi ltration  a signifi cant factor in producing 
movement of water and solute. By defi nition, fi ltration is 
the process by which fl uid is forced through a membrane 
or other barrier because of a diff erence in pressure on the 
two sides. 

 Th e structure of the capillary wall varies from one vascu-
lar bed to another. However, near skeletal muscle and many 
other organs, water and relatively small solutes are the only 
substances that cross the wall with ease. Th e apertures in the 
junctions between the endothelial cells are too small to permit 
plasma proteins and other colloids to pass through in signifi -
cant quantities. Th e colloids have a high molecular weight but 
are present in large amounts. Small amounts cross the capil-
lary wall by vesicular transport, but their eff ect is slight. Th ere-
fore, the capillary wall behaves like a membrane impermeable 
to colloids, and these exert an osmotic pressure of about 
25 mm Hg. Th e colloid osmotic pressure due to the plasma 
colloids is called the  oncotic pressure.  Filtration across the 
capillary membrane as a result of the hydrostatic pressure head 
in the vascular system is opposed by the oncotic pressure. Th e 
way the balance between the hydrostatic and oncotic pressures 

controls exchanges across the capillary wall is considered in 
detail in  Chapter 31 . 

   TRANSCYTOSIS 
 Vesicles are present in the cytoplasm of endothelial cells, and 
tagged protein molecules injected into the bloodstream have 
been found in the vesicles and in the interstitium. Th is indi-
cates that small amounts of protein are transported out of cap-
illaries across endothelial cells by endocytosis on the capillary 
side followed by exocytosis on the interstitial side of the cells. 
Th e transport mechanism makes use of coated vesicles that 
appear to be coated with caveolin and is called  transcytosis, 
vesicular transport,  or  cytopempsis.  

   INTERCELLULAR 
COMMUNICATION 
 Cells communicate with one another via chemical messen-
gers. Within a given tissue, some messengers move from cell 
to cell via gap junctions without entering the ECF. In addi-
tion, cells are aff ected by chemical messengers secreted into 
the ECF, or by direct cell–cell contacts. Chemical messengers 
typically bind to protein receptors on the surface of the cell 
or, in some instances, in the cytoplasm or the nucleus, trig-
gering sequences of intracellular changes that produce their 
physiologic eff ects. Th ree general types of intercellular com-
munication are mediated by messengers in the ECF: (1)  neu-
ral communication,  in which neurotransmitters are released 
at synaptic junctions from nerve cells and act across a narrow 
synaptic cleft  on a postsynaptic cell; (2)  endocrine commu-
nication,  in which hormones and growth factors reach cells 
via the circulating blood or the lymph; and (3)  paracrine 
communication,  in which the products of cells diff use in 
the ECF to aff ect neighboring cells that may be some distance 
away ( Figure 2–20 ). In addition, cells secrete chemical mes-
sengers that in some situations bind to receptors on the same 
cell, that is, the cell that secreted the messenger  (autocrine 
communication).  Th e chemical messengers include amines, 
amino acids, steroids, polypeptides, and in some instances, 
lipids, purine nucleotides, and pyrimidine nucleotides. It is 
worth noting that in various parts of the body, the same chem-
ical messenger can function as a neurotransmitter, a paracrine 
mediator, a hormone secreted by neurons into the blood (neu-
ral hormone), and a hormone secreted by gland cells into 
the blood. 

  An additional form of intercellular communication is 
called  juxtacrine communication.  Some cells express mul-
tiple repeats of growth factors such as  transforming growth 
factor alpha (TGF α )  extracellularly on transmembrane pro-
teins that provide an anchor to the cell. Other cells have TGFα 
receptors. Consequently, TGFα anchored to a cell can bind to 
a TGFα receptor on another cell, linking the two. Th is could be 
important in producing local foci of growth in tissues. 
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 FIGURE 219     Composite diagram of main secondary 
eff ects of active transport of Na +  and K + .  Na,K ATPase converts 
the chemical energy of ATP hydrolysis into maintenance of an 
inward gradient for Na +  and an outward gradient for K + . The 
energy of the gradients is used for countertransport, cotransport, 
and maintenance of the membrane potential. Some examples of 
cotransport and countertransport that use these gradients are 
shown. (Reproduced with permission from Skou JC: The Na–K pump. News 
Physiol Sci 1992;7:95.)  

Ganong_Ch02_035-066.indd   54 1/5/12   7:10:55 PM



CHAPTER 2 Overview of Cellular Physiology in Medical Physiology 55

   RECEPTORS FOR 
CHEMICAL MESSENGERS 
 Th e recognition of chemical messengers by cells typically 
begins by interaction with a receptor at that cell. Th ere have 
been over 20 families of receptors for chemical messengers 
characterized. Th ese proteins are not static components of the 
cell, but their numbers increase and decrease in response to 
various stimuli, and their properties change with changes in 
physiological conditions. When a hormone or neurotransmit-
ter is present in excess, the number of active receptors gener-
ally decreases  (down-regulation),  whereas in the presence of 
a defi ciency of the chemical messenger, there is an increase 
in the number of active receptors  (up-regulation).  In its 
actions on the adrenal cortex, angiotensin II is an exception; it 
increases rather than decreases the number of its receptors in 
the adrenal. In the case of receptors in the membrane, receptor-
mediated endocytosis is responsible for down-regulation 
in some instances; ligands bind to their receptors, and the 
ligand–receptor complexes move laterally in the membrane to 
coated pits, where they are taken into the cell by endocytosis 
 (internalization).  Th is decreases the number of receptors in 
the membrane. Some receptors are recycled aft er internaliza-
tion, whereas others are replaced by de novo synthesis in the 
cell. Another type of down-regulation is  desensitization,  in 
which receptors are chemically modifi ed in ways that make 
them less responsive. 

   MECHANISMS BY WHICH 
CHEMICAL MESSENGERS ACT 
 Receptor–ligand interaction is usually just the beginning 
of the cell response. Th is event is transduced into second-
ary responses within the cell that can be divided into four 
broad categories: (1) ion channel activation, (2)  G-protein  
activation, (3) activation of enzyme activity within the cell, 
or (4) direct activation of transcription. Within each of these 
groups, responses can be quite varied. Some of the common 

mechanisms by which chemical messengers exert their intra-
cellular eff ects are summarized in  Table 2–3 . Ligands such as 
acetylcholine bind directly to ion channels in the cell mem-
brane, changing their conductance. Th yroid and steroid hor-
mones, 1,25-dihydroxycholecalciferol, and retinoids enter 
cells and act on one or another member of a family of struc-
turally related cytoplasmic or nuclear receptors. Th e activated 
receptor binds to DNA and increases transcription of selected 
mRNAs. Many other ligands in the ECF bind to receptors 
on the surface of cells and trigger the release of intracellular 
mediators such as cAMP, IP 3 , and DAG that initiate changes in 
cell function. Consequently, the extracellular ligands are called 
 “fi rst messengers”  and the intracellular mediators are called 
 “second messengers.”  Second messengers bring about many 
short-term changes in cell function by altering enzyme func-
tion, triggering exocytosis, and so on, but they also can lead 
to the alteration of transcription of various genes. A variety 
of enzymatic changes, protein–protein interactions, or second 
messenger changes can be activated within a cell in an orderly 
fashion following receptor recognition of the primary mes-
senger. Th e resulting  cell signaling pathway  provides ampli-
fi cation of the primary signal and distribution of the signal 
to appropriate targets within the cell. Extensive cell signaling 
pathways also provide opportunities for feedback and regula-
tion that can fi ne-tune the signal for the correct physiological 
response by the cell. 

    Th e most predominant posttranslation modifi cation of 
proteins, phosphorylation, is a common theme in cell signal-
ing pathways. Cellular phosphorylation is under the control 
of two groups of proteins:  kinases,  enzymes that catalyze the 
phosphorylation of tyrosine or serine and threonine residues 
in proteins (or in some cases, in lipids); and  phosphatases,  
proteins that remove phosphates from proteins (or lipids). 
Some of the larger receptor families are themselves kinases. 
Tyrosine kinase receptors initiate phosphorylation on tyrosine 
residues on complementary receptors following ligand bind-
ing. Serine/threonine kinase receptors initiate phosphoryla-
tion on serines or threonines in complementary receptors 
following ligand binding. Cytokine receptors are directly 
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 FIGURE 220     Intercellular communication by chemical mediators.  A, autocrine; P, paracrine.  
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associated with a group of protein kinases that are activated 
following cytokine binding. Alternatively, second messenger 
changes can lead to phosphorylation further downstream in 
the signaling pathway. More than 500 protein kinases have 
been described. Some of the principal ones that are important 
in mammalian cell signaling are summarized in  Table 2–4 . In 
general, addition of phosphate groups changes the conforma-
tion of the proteins, altering their functions and consequently 
the functions of the cell. Th e close relationship between phos-
phorylation and dephosphorylation of cellular proteins allows 
for a temporal control of activation of cell signaling pathways. 
Th is is sometimes referred to as a  “phosphate timer.”  Th e 
dysregulation of the phosphate timer and subsequent cellular 
signaling in a cell can lead to disease ( Clinical Box 2–7 ). 

       STIMULATION OF 
TRANSCRIPTION 
 Th e activation of transcription, and subsequent translation, is 
a common outcome of cellular signaling. Th ere are three dis-
tinct pathways for primary messengers to alter transcription 
of cells. First, as is the case with steroid or thyroid hormones, 
the primary messenger is able to cross the cell membrane 
and bind to a nuclear receptor, which then can directly inter-
act with DNA to alter gene expression. A second pathway to 
gene transcription is the activation of cytoplasmic protein 

kinases that can move to the nucleus to phosphorylate a latent 
transcription factor for activation. Th is pathway is a common 
endpoint of signals that go through the  mitogen activated 
protein (MAP) kinase  cascade. MAP kinases can be activated 
following a variety of receptor–ligand interactions through 
second messenger signaling. Th ey comprise a series of three 
kinases that coordinate a stepwise phosphorylation to activate 
each protein in series in the cytosol. Phosphorylation of the last 
MAP kinase in series allows it to migrate to the nucleus where 
it phosphorylates a latent transcription factor. A third com-
mon pathway is the activation of a latent transcription factor 
in the cytosol, which then migrates to the nucleus and alters 
transcription. Th is pathway is shared by a diverse set of tran-
scription factors that include  nuclear factor kappa B  ( NF κ B;  
activated following tumor necrosis family receptor binding 
and others), and  signal transducers of activated transcrip-
tion  ( STATs;  activated following cytokine receptor binding). 
In all cases, the binding of the activated transcription factor 
to DNA increases (or in some cases, decreases) the transcrip-
tion of mRNAs encoded by the gene to which it binds. Th e 
mRNAs are translated in the ribosomes, with the production 
of increased quantities of proteins that alter cell function. 

   INTRACELLULAR Ca 2+  
AS A SECOND MESSENGER 
 Ca 2+  regulates a very large number of physiological processes 
that are as diverse as proliferation, neural signaling, learning, 
contraction, secretion, and fertilization, so regulation of 
intracellular Ca 2+  is of great importance. Th e free Ca 2+  
concentration in the cytoplasm at rest is maintained at about 
100 nmol/L. Th e Ca 2+  concentration in the interstitial fl uid is 
about 12,000 times the cytoplasmic concentration (ie, 1,200,000 
nmol/L), so there is a marked inwardly directed concentration 

 TABLE 23 Common mechanisms by which 
chemical messengers in the ECF bring about changes 
in cell function. 

Mechanism Examples

Open or close ion channels in 
cell membrane

Acetylcholine on nicotinic 
cholinergic receptor; 
norepinephrine on K +  channel 
in the heart

Act via cytoplasmic or 
nuclear receptors to increase 
transcription of selected 
mRNAs

Thyroid hormones, retinoic 
acid, steroid hormones

Activate phospholipase C 
with intracellular production 
of DAG, IP 3 , and other inositol 
phosphates

Angiotensin II, norepinephrine 
via α 1 -adrenergic receptor, 
vasopressin via V 1  receptor

Activate or inhibit adenylyl 
cyclase, causing increased 
or decreased intracellular 
production of cAMP

Norepinephrine via β 1 -adrenergic 
receptor (increased cAMP); 
norepinephrine via α 2 -adrenergic 
receptor (decreased cAMP)

Increase cGMP in cell Atrial natriuretic peptide; 
nitric oxide

Increase tyrosine kinase 
activity of cytoplasmic 
portions of transmembrane 
receptors

Insulin, epidermal growth 
factor (EGF), platelet-derived 
growth factor (PDGF), monocyte 
colony-stimulating factor (M-CSF)

Increase serine or threonine 
kinase activity

TGFβ, activin, inhibin

 TABLE 24 Sample protein kinases. 

Phosphorylate serine or threonine residues, or both

Calmodulin-dependent

  Myosin light-chain kinase 
  Phosphorylase kinase 
  Ca 2+ /calmodulin kinase I 
  Ca 2+ /calmodulin kinase II 
  Ca 2+ /calmodulin kinase III 

      Calcium-phospholipid-dependent

  Protein kinase C (seven subspecies) 

      Cyclic nucleotide-dependent

  cAMP-dependent kinase (protein kinase A; two subspecies) 
  cGMP-dependent kinase 

Phosphorylate tyrosine residues

       Insulin receptor, EGF receptor, PDGF receptor, and    M-CSF receptor        
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gradient as well as an inwardly directed electrical gradient. 
Much of the intracellular Ca 2+  is stored at relatively high con-
centrations in the endoplasmic reticulum and other organelles 
( Figure 2–21 ), and these organelles provide a store from which 
Ca 2+  can be mobilized via ligand-gated channels to increase the 
concentration of free Ca 2+  in the cytoplasm. Increased cyto-
plasmic Ca 2+  binds to and activates calcium-binding proteins. 
Th ese proteins can have direct eff ects in cellular physiology, 
or can activate other proteins, commonly protein kinases, to 
further cell signaling pathways. 

  Ca 2+  can enter the cell from the extracellular fl uid, down its 
electrochemical gradient, through many diff erent Ca 2+  chan-
nels. Some of these are ligand-gated and others are voltage-
gated. Stretch-activated channels exist in some cells as well. 

 Many second messengers act by increasing the cytoplas-
mic Ca 2+  concentration. Th e increase is produced by releas-
ing Ca 2+  from intracellular stores—primarily the endoplasmic 
reticulum—or by increasing the entry of Ca 2+  into cells, or by 

both mechanisms. IP 3  is the major second messenger that 
causes Ca 2+  release from the endoplasmic reticulum through 
the direct activation of a ligand-gated channel, the IP 3  recep-
tor. In eff ect, the generation of one second messenger (IP 3 ) can 
lead to the release of another second messenger (Ca 2+ ). In many 
tissues, transient release of Ca 2+  from internal stores into the 
cytoplasm triggers opening of a population of Ca 2+  channels in 
the cell membrane  (store-operated Ca  2+   channels; SOCCs).
Th e resulting Ca 2+  infl ux replenishes the total intracellular Ca 2+

supply and refi lls the endoplasmic reticulum. Recent research 
has identifi ed the physical relationships between SOCCs and 
regulatory interactions of proteins from the endoplasmic 
reticulum that gate these channels. 

 As with other second messenger molecules, the increase 
in Ca 2+  within the cytosol is rapid, and is followed by a rapid 
decrease. Because the movement of Ca 2+  outside of the cyto-
sol (ie, across the plasma membrane or the membrane of the 
internal store) requires that it move up its electrochemical gra-
dient, it requires energy. Ca 2+  movement out of the cell is facili-
tated by the plasma membrane Ca 2+  ATPase. Alternatively, it 
can be transported by an antiport that exchanges three Na +  for 
each Ca 2+  driven by the energy stored in the Na +  electrochemi-
cal gradient. Ca 2+  movement into the internal stores is through 
the action of the  sarcoplasmic or endoplasmic reticulum 
Ca  2+   ATPase , also known as the  SERCA pump.  

   CALCIUMBINDING PROTEINS 
 Many diff erent Ca 2+ -binding proteins have been described, 
including  troponin, calmodulin,  and  calbindin.  Troponin 
is the Ca 2+ -binding protein involved in contraction of skel-
etal muscle ( Chapter 5 ). Calmodulin contains 148 amino acid 

 CLINICAL BOX 2–7 

  Kinases in Cancer: Chronic Myeloid Leukemia  
 Kinases frequently play important roles in regulating cellular 
physiology outcomes, including cell growth and cell death. 
Dysregulation of cell proliferation or cell death is a hallmark 
of cancer. Although cancer can have many causes, a role for 
kinase dysregulation is exemplifi ed in Chronic myeloid leu-
kemia (CML). CML is a pluripotent hematopoietic stem cell 
disorder characterized by the Philadelphia (Ph) chromosome 
translocation. The Ph chromosome is formed following a 
translocation of chromosomes 9 and 22. The resultant short-
ened chromosome 22 (Ph chromosome). At the point of fu-
sion a novel gene (BCR-ABL) encoding the active tyrosine 
kinase domain from a gene on chromosome 9 (Abelson 
tyrosine kinase; c-Abl) is fused to novel regulatory region of 
a separate gene on chromosome 22 (breakpoint cluster re-
gion; bcr). The BCR-ABL fusion gene encodes a cytoplasmic 
protein with constitutively active tyrosine kinase. The dys-
regulated kinase activity in BCR-ABL protein eff ectively limits 
white blood cell death signaling pathways while promoting 
cell proliferation and genetic instability. Experimental mod-
els have shown that translocation to produce the fusion BCR-
ABL protein is suffi  cient to produce CML in animal models. 

  THERAPEUTIC HIGHLIGHTS  

 The identifi cation of BCR-ABL as the initial transform-
ing event in CML provided an ideal target for drug 
discovery. The drug imatinib (Gleevac) was devel-
oped to specifi cally block the tyrosine kinase activity 
of the BCR-ABL protein. Imatinib has proven to be an 
eff ective agent for treating chronic phase CML. 

  

CaBP Effects

Ca2+
Ca2+

Ca2+

2H+

3Na+

ATP

Mitochondrion Endoplasmic reticulum

Ca2+

(volt)

Ca2+

(lig)

Ca2+

(SOCC)

 FIGURE 221     Ca 2+  handling in mammalian cells.  Ca 2+  is stored 
in the endoplasmic reticulum and, to a lesser extent, mitochondria 
and can be released from them to replenish cytoplasmic Ca 2+ . 
Calcium-binding proteins (CaBP) bind cytoplasmic Ca 2+  and, when 
activated in this fashion, bring about a variety of physiologic eff ects. 
Ca 2+  enters the cells via voltage-gated (volt) and ligand-gated (lig) 
Ca 2+  channels and store-operated calcium channels (SOCCs). It is 
transported out of the cell by Ca, Mg ATPases (not shown), Ca, H 
ATPase and a Na, Ca antiport. It is also transported into the ER by 
Ca ATPases.  
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residues ( Figure 2–22 ) and has four Ca 2+ -binding domains. 
It is unique in that amino acid residue 115 is trimethylated, 
and it is extensively conserved, being found in plants as well 
as animals. When calmodulin binds Ca 2+ , it is capable of acti-
vating fi ve diff erent calmodulin-dependent kinases (CaMKs; 
 Table 2–4 ), among other proteins. One of the kinases is  myo-
sin light-chain kinase,  which phosphorylates myosin. Th is 
brings about contraction in smooth muscle. CaMKI and 
CaMKII are concerned with synaptic function, and CaMKIII 
is concerned with protein synthesis. Another calmodulin-
activated protein is  calcineurin,  a phosphatase that inacti-
vates Ca 2+  channels by dephosphorylating them. It also plays 
a prominent role in activating T cells and is inhibited by some 
immunosuppressants. 

    MECHANISMS OF DIVERSITY 
OF Ca 2+  ACTIONS 
 It may seem diffi  cult to understand how intracellular Ca 2+  can 
have so many varied eff ects as a second messenger. Part of 
the explanation is that Ca 2+  may have diff erent eff ects at low 
and at high concentrations. Th e ion may be at high concen-
tration at the site of its release from an organelle or a chan-
nel  (Ca  2+   sparks)  and at a subsequent lower concentration 
aft er it diff uses throughout the cell. Some of the changes it 
produces can outlast the rise in intracellular Ca 2+  concentra-
tion because of the way it binds to some of the Ca 2+ -bind-
ing proteins. In addition, once released, intracellular Ca 2+  

concentrations frequently oscillate at regular intervals, and 
there is evidence that the frequency and, to a lesser extent, the 
amplitude of those oscillations codes information for eff ector 
mechanisms. Finally, increases in intracellular Ca 2+  concen-
tration can spread from cell to cell in waves, producing coor-
dinated events such as the rhythmic beating of cilia in airway 
epithelial cells. 

   G PROTEINS 
 A common way to translate a signal to a biologic eff ect inside 
cells is by way of nucleotide regulatory proteins that are acti-
vated aft er binding GTP  (G proteins).  When an activating 
signal reaches a G protein, the protein exchanges GDP for 
GTP. Th e GTP–protein complex brings about the activating 
eff ect of the G protein. Th e inherent GTPase activity of the 
protein then converts GTP to GDP, restoring the G protein 
to an inactive resting state. G proteins can be divided into 
two principal groups involved in cell signaling:  small G 
proteins  and  heterotrimeric G proteins.  Other groups that 
have similar regulation and are also important to cell physiol-
ogy include elongation factors, dynamin, and translocation 
GTPases. 

 Th ere are six diff erent families of small G proteins (or 
 small GTPases ) that are all highly regulated.  GTPase activat-
ing proteins (GAPs)  tend to inactivate small G proteins by 
encouraging hydrolysis of GTP to GDP in the central binding 
site.  Guanine exchange factors (GEFs)  tend to activate small 
G proteins by encouraging exchange of GDP for GTP in the 
active site. Some of the small G proteins contain lipid modifi -
cations that help to anchor them to membranes, while others 
are free to diff use throughout the cytosol. Small G proteins are 
involved in many cellular functions. Members of the Rab fam-
ily regulate the rate of vesicle traffi  c between the endoplasmic 
reticulum, the Golgi apparatus, lysosomes, endosomes, and 
the cell membrane. Another family of small GTP-binding pro-
teins, the Rho/Rac family, mediates interactions between the 
cytoskeleton and cell membrane; and a third family, the Ras 
family, regulates growth by transmitting signals from the cell 
membrane to the nucleus. 

 Another family of G proteins, the larger  heterotrimeric 
G proteins,  couple cell surface receptors to catalytic units 
that catalyze the intracellular formation of second messengers 
or couple the receptors directly to ion channels. Despite the 
knowledge of the small G proteins described above, the het-
eromeric G proteins are frequently referred to in the shortened 
“G protein” form because they were the fi rst to be identifi ed. 
Heterotrimeric G proteins are made up of three subunits 
designated α, β, and γ ( Figure 2–23 ). Both the α and the γ 
subunits have lipid modifi cations that anchor these proteins 
to the plasma membrane. Th e α subunit is bound to GDP. 
When a ligand binds to a G protein-coupled receptor (GPCR, 
discussed below), this GDP is exchanged for GTP and the 
α subunit separates from the combined β and γ subunits. 
Th e separated α subunit brings about many biologic eff ects. 
Th e β and γ subunits are tightly bound in the cell and together 
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 FIGURE 222     Secondary structure of calmodulin from 
bovine brain.  Single-letter abbreviations are used for the amino acid 
residues. Note the four calcium domains (purple residues) fl anked on 
either side by stretches of amino acids that form α-helices in tertiary 
structure. (Reproduced with permission from Cheung WY: Calmodulin: An 
overview. Fed Proc 1982;41:2253.)  
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CHAPTER 2 Overview of Cellular Physiology in Medical Physiology 59

form a signaling molecule that can also activate a variety of 
eff ectors. Th e intrinsic GTPase activity of the α subunit then 
converts GTP to GDP, and this leads to re-association of the α 
with the βγ subunit and termination of eff ector activation. Th e 
GTPase activity of the α subunit can be accelerated by a family 
of  regulators of G protein signaling (RGS).  

  Heterotrimeric G proteins relay signals from over 1000 
GPCRs, and their eff ectors in the cells include ion channels 
and enzymes. Th ere are 20 α, 6 β, and 12 γ genes, which allow 
for over 1400 α, β, and γ combinations. Not all combinations 
occur in the cell, but over 20 diff erent heterotrimeric G pro-
teins have been well documented in cell signaling. Th ey can be 
divided into fi ve families, each with a relatively characteristic 
set of eff ectors. 

   G PROTEINCOUPLED RECEPTORS 
 All the  GPCRs  that have been characterized to date are pro-
teins that span the cell membrane seven times. Because of 
this structure they are alternatively referred to as  seven-helix 
receptors  or  serpentine receptors.  A very large number have 
been cloned, and their functions are multiple and diverse. Th is 
is emphasized by the extensive variety of ligands that target 
GPCRs ( Table 2–5 ). Th e structures of four GPCRs are shown 
in  Figure 2–24 . Th ese receptors assemble into a barrel-like 
structure. Upon ligand binding, a conformational change 
activates a resting heterotrimeric G protein associated with 
the cytoplasmic leaf of the plasma membrane. Activation of 
a single receptor can result in 1, 10, or more active heterotri-
meric G proteins, providing amplifi cation as well as transduc-
tion of the fi rst messenger. Bound receptors can be inactivated 
to limit the amount of cellular signaling. Th is frequently 

occurs through phosphorylation of the cytoplasmic side of the 
receptor. Because of their diversity and importance in cellular 
signaling pathways, GPCRs are prime targets for drug discov-
ery ( Clinical Box 2–8 ). 

        INOSITOL TRISPHOSPHATE 
& DIACYLGLYCEROL AS 
SECOND MESSENGERS 
 Th e link between membrane binding of a ligand that acts 
via Ca 2+  and the prompt increase in the cytoplasmic Ca 2+  
concentration is oft en  inositol trisphosphate (inositol 1,4,5-
trisphosphate; IP 3 ).  When one of these ligands binds to its 
receptor, activation of the receptor produces activation of 
phospholipase C (PLC) on the inner surface of the membrane. 
Ligands bound to GPCR can do this through the G q  heterotri-
meric G proteins, while ligands bound to tyrosine kinase recep-
tors can do this through other cell signaling pathways. PLC 
has at least eight isoforms; PLC β  is activated by heterotrimeric 
G proteins, while PLCγ forms are activated through tyrosine 
kinase receptors. PLC isoforms can catalyze the hydrolysis 

Nucleotide
exchange

Input GDP GTP

GTPase
activity

Output

Effectors

β
γα

β
γ α

 FIGURE 223     Heterotrimeric G proteins.  Top :  Summary of 
overall reaction that occurs in the Gα subunit. Bottom: When the 
ligand (square) binds to the G protein-coupled receptor in the cell 
membrane, GTP replaces GDP on the α subunit. GTP-α separates 
from the βγ subunit and GTP-α and βγ both activate various eff ectors, 
producing physiologic eff ects. The intrinsic GTPase activity of GTP-α 
then converts GTP to GDP, and the α, β, and γ subunits reassociate.  

 TABLE 25 Examples of ligands for G-protein 
coupled receptors. 

Class Ligand

Neurotransmitters Epinephrine
Norepinephrine
Dopamine
5-Hydroxytryptamine
Histamine
Acetylcholine
Adenosine
Opioids

Tachykinins Substance P

Neurokinin A

Neuropeptide K

Other peptides Angiotensin II
Arginine vasopressin
Oxytocin
VIP, GRP, TRH, PTH

Glycoprotein hormones TSH, FSH, LH, hCG

Arachidonic acid derivatives Thromboxane A 2 

Other Odorants
Tastants
Endothelins
Platelet-activating factor
Cannabinoids
Light
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60 SECTION I Cellular and Molecular Basis for Medical Physiology

of the membrane lipid phosphatidylinositol 4,5-diphosphate 
(PIP 2 ) to form IP 3  and  DAG  ( Figure 2–25 ). Th e IP 3  diff uses 
to the endoplasmic reticulum, where it triggers the release of 
Ca 2+  into the cytoplasm by binding the IP 3  receptor, a ligand-
gated Ca 2+  channel ( Figure 2–26 ). DAG is also a second mes-
senger; it stays in the cell membrane, where it activates one of 
several isoforms of  protein kinase C.  

     CYCLIC AMP 
 Another important second messenger is cyclic adenosine 3’,5’-
monophosphate  (cyclic AMP  or  cAMP ;  Figure 2–27 ). Cyclic 
AMP is formed from ATP by the action of the enzyme  adeny-
lyl cyclase  and converted to physiologically inactive 5’AMP 
by the action of the enzyme  phosphodiesterase.  Some of the 

 FIGURE 224    Representative structures of four G protein-
coupled receptors from solved crystal structures. Each group of 
receptors is represented by one structure, all rendered with the same 
orientation and color scheme: transmembrane helices are colored light 
blue, intracellular regions are colored darker blue, and extracellular 
regions are brown. Each ligand is colored orange and rendered as sticks, 
bound lipids are colored yellow, and the conserved tryptophan residue 
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 CLINICAL BOX 2–8 

  Drug Development: Targeting the G-Protein 
Coupled Receptors (GPCRs)  
 GPCRs are among the most heavily investigated drug targets in 
the pharmaceutical industry, representing approximately 40% of 
all the drugs in the marketplace today. These proteins are active 
in just about every organ system and present a wide range of op-
portunities as therapeutic targets in areas including cancer, cardi-
ac dysfunction, diabetes, central nervous system disorders, obe-
sity, infl ammation, and pain. Features of GPCRs that allow them 
to be drug targets are their specifi city in recognizing extracellular 
ligands to initiate cellular response, the cell surface location of 
GPCRs that make them accessible to novel ligands or drugs, and 
their prevalence in leading to human pathology and disease. 

 Specifi c examples of successful GPCR drug targets are not-
ed with two types of  Histamine Receptors . 

  Histamine-1 Receptor  (H1-Receptor) antagonists: allergy 
therapy. Allergens can trigger local mast cells or basophils to 
release histamine in the airway. A primary target for histamine 
is the H1-Receptor in several airway cell types and this can lead 
to transient itching, sneezing, rhinorrhea, and nasal congestion. 

There are a variety of drugs with improved peripheral H1 receptor 
selectivity that are currently used to block histamine activation 
of the H1-Receptor and thus limit allergen eff ects in the upper 
airway. Current H1-Receptor antagonists on the market today 
include loratadine, fexofenadine, cetirizine, and desloratadine. 
These “second” an “third” generation anti H1-Receptor drugs 
have improved specifi city and reduced adverse side eff ects (eg, 
drowsiness and central nervous system dysfunction) associated 
with some of the “fi rst” generation drugs fi rst introduced in the 
late 1930’s and widely developed over the next 40 years. 

  Histamine-2 Receptor  (H2-Receptor) antagonists: treating 
excess stomach acid. Excess stomach acid can result in gastroe-
sophageal refl ux disease or even peptic ulcer symptoms. The 
parietal cell in the stomach can be stimulated to produce acid 
via histamine action at the H2-Receptor. Excess stomach acid re-
sults in heartburn. Antagonists or H2-Receptor blockers, reduce 
acid production by preventing H2-Receptor signaling that leads 
to production of stomach acid. There are several drugs (eg, ran-
itidine, famotidine, cimetidine, and nizatidine) that specifi cally 
block the H2-receptor and thus reduce excess acid production .

is rendered as spheres and colored green. This fi gure highlights the 
observed diff erences seen in the extracellular and intracellular domains 
as well as the small diff erences seen in the ligand binding orientations 
among the four GPCRs various ligands. (Reproduced with permission from 
Hanson MA, Stevens RC: Discovery of new GPCR biology: one receptor structure at a 
time. Structure 1988 Jan 14;17(1):8–14.)  
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phosphodiesterase isoforms that break down cAMP are inhibited 
by methylxanthines such as caff eine and theophylline. Conse-
quently, these compounds can augment hormonal and trans-
mitter eff ects mediated via cAMP. Cyclic AMP activates one of 

the cyclic nucleotide-dependent protein kinases  (protein kinase 
A, PKA)  that, like protein kinase C, catalyzes the phosphoryla-
tion of proteins, changing their conformation and altering their 
activity. In addition, the active catalytic subunit of PKA moves to 
the nucleus and phosphorylates the  cAMP-responsive element-
binding protein (CREB).  Th is transcription factor then binds 
to DNA and alters transcription of a number of genes. 

    PRODUCTION OF cAMP 
BY ADENLYL CYCLASE 
 Adenylyl cyclase is a membrane bound protein with 12 trans-
membrane regions. Ten isoforms of this enzyme have been 
described and each can have distinct regulatory properties, 
permitting the cAMP pathway to be customized to specifi c 
tissue needs. Notably, stimulatory heterotrimeric G proteins 
(G s ) activate, while inhibitory heterotrimeric G proteins (G i ) 
inactivate adenylyl cyclase ( Figure 2–28 ). When the appro-
priate ligand binds to a stimulatory receptor, a G s  α subunit 
activates one of the adenylyl cyclases. Conversely, when the 
appropriate ligand binds to an inhibitory receptor, a G i  α 
sub-unit inhibits adenylyl cyclase. Th e receptors are specifi c, 
responding at low threshold to only one or a select group 
of related ligands. However, heterotrimeric G proteins medi-
ate the stimulatory and inhibitory eff ects produced by many 
diff erent ligands. In addition, cross-talk occurs between the 
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 FIGURE 226     Diagrammatic representation of release of 
inositol triphosphate (IP 3 ) and diacylglycerol (DAG) as second 
messengers . Binding of ligand to G protein-coupled receptor 
activates phospholipase C (PLC) β . Alternatively, activation of receptors 
with intracellular tyrosine kinase domains can activate PLCγ. The 
resulting hydrolysis of phosphatidylinositol 4,5-diphosphate (PIP 2 ) 
produces IP 3 , which releases Ca 2+  from the endoplasmic reticulum 
(ER), and DAG, which activates protein kinase C (PKC). CaBP, Ca 2+ -
binding proteins; ISF, interstitial fl uid.  
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 FIGURE 225     Metabolism of phosphatidylinositol 
in cell membranes.  Phosphatidylinositol is successively 
phosphorylated to form phosphatidylinositol 4-phosphate (PIP), 
then phosphatidylinositol 4,5-bisphosphate (PIP 2 ). Phospholipase 
C β  and phospholipase Cγ catalyze the breakdown of PIP 2  to inositol 
1,4,5-trisphosphate (IP 3 ) and diacylglycerol. Other inositol phosphates 

and phosphatidylinositol derivatives can also be formed. IP 3  is 
dephosphorylated to inositol, and diacylglycerol is metabolized to 
cytosine diphosphate (CDP)-diacylglycerol. CDP-diacylglycerol and 
inositol then combine to form phosphatidylinositol, completing the 
cycle. (Modifi ed from Berridge MJ: Inositol triphosphate and diacylglycerol as 
second messengers. Biochem J 1984;220:345.)  
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phospholipase C system and the adenylyl cyclase system, as 
several of the isoforms of adenylyl cyclase are stimulated by 
calmodulin. Finally, the eff ects of protein kinase A and pro-
tein kinase C are very widespread and can also aff ect directly, 
or indirectly, the activity at adenylyl cyclase. Th e close rela-
tionship between activation of G proteins and adenylyl cycla-
ses also allows for spatial regulation of cAMP production. All 
of these events, and others, allow for fi ne-tuning the cAMP 
response for a particular physiological outcome in the cell. 

  Two bacterial toxins have important eff ects on adenylyl 
cyclase that are mediated by G proteins. Th e A subunit of  chol-
era toxin  catalyzes the transfer of ADP ribose to an arginine 
residue in the middle of the α subunit of G s . Th is inhibits its 
GTPase activity, producing prolonged stimulation of adenylyl 
cyclase.  Pertussis toxin  catalyzes ADP-ribosylation of a 
cysteine residue near the carboxyl terminal of the α subunit of 
G i . Th is inhibits the function of G i . In addition to the implica-
tions of these alterations in disease, both toxins are used for 
fundamental research on G protein function. Th e drug forsko-

lin also stimulates adenylyl cyclase activity by a direct action 
on the enzyme. 

   GUANYLYL CYCLASE 
 Another cyclic nucleotide of physiologic importance is  cyclic 
guanosine monophosphate  ( cyclic GMP  or  cGMP ). Cyclic 
GMP is important in vision in both rod and cone cells. In 
addition, there are cGMP-regulated ion channels, and cGMP 
activates cGMP-dependent kinase, producing a number of 
physiologic eff ects. 

 Guanylyl cyclases are a family of enzymes that catalyze the 
formation of cGMP. Th ey exist in two forms ( Figure 2–29 ). 
One form has an extracellular amino terminal domain that is 
a receptor, a single transmembrane domain, and a cytoplasmic 
portion with guanylyl cyclase catalytic activity. Several such 
guanylyl cyclases have been characterized. Two are receptors 
for atrial natriuretic peptide (ANP; also known as atrial natri-
uretic factor), and a third binds an  Escherichia coli  enterotoxin 
and the gastrointestinal polypeptide guanylin. Th e other form 
of guanylyl cyclase is soluble, contains heme, and is not bound 
to the membrane. Th ere appear to be several isoforms of the 
intracellular enzyme. Th ey are activated by nitric oxide (NO) 
and NO-containing compounds. 

    GROWTH FACTORS 
 Growth factors have become increasingly important in many 
diff erent aspects of physiology. Th ey are polypeptides and 
proteins that are conveniently divided into three groups. One 
group is made up of agents that foster the multiplication or 
development of various types of cells; NGF, insulin-like growth 
factor I (IGF-I), activins and inhibins, and epidermal growth 
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kinase A, which phosphorylates proteins, producing physiologic 
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factor (EGF) are examples. More than 20 have been described. 
Th e cytokines are a second group. Th ese factors are produced 
by macrophages and lymphocytes, as well as other cells, and are 
important in regulation of the immune system (see  Chapter 3 ). 
Again, more than 20 have been described. Th e third group is 
made up of the colony-stimulating factors that regulate prolif-
eration and maturation of red and white blood cells. 

 Receptors for EGF, platelet-derived growth factor (PDGF), 
and many of the other factors that foster cell multiplica-
tion and growth have a single membrane-spanning domain 
with an intracellular tyrosine kinase domain ( Figure 2–29 ). 
When ligand binds to a tyrosine kinase receptor, it fi rst causes 
a dimerization of two similar receptors. Th e dimerization 
results in partial activation of the intracellular tyrosine kinase 
domains and a cross-phosphorylation to fully activate each 
other. One of the pathways activated by phosphorylation leads, 
through the small G protein Ras, to MAP kinases, and eventu-
ally to the production of transcription factors in the nucleus 
that alter gene expression ( Figure 2–30 ). 

  Receptors for cytokines and colony-stimulating factors 
diff er from the other growth factors in that most of them do 
not have tyrosine kinase domains in their cytoplasmic portions 
and some have little or no cytoplasmic tail. However, they ini-
tiate tyrosine kinase activity in the cytoplasm. In particular, 
they activate the so-called Janus tyrosine kinases  (JAKs)  in 
the cytoplasm ( Figure 2–31 ). Th ese in turn phosphorylate 
 STAT  proteins. Th e phosphorylated STATs form homo- and 
heterodimers and move to the nucleus, where they act as tran-
scription factors. Th ere are four known mammalian JAKs and 
seven known STATs. Interestingly, the JAK–STAT pathway can 
also be activated by growth hormone and is another important 

direct path from the cell surface to the nucleus. However, it 
should be emphasized that both the Ras and the JAK–STAT 
pathways are complex and there is cross-talk between them 
and other signaling pathways discussed previously. 

  Finally, note that the whole subject of second messengers 
and intracellular signaling has become immensely complex, 
with multiple pathways and interactions. It is only possible in a 
book such as this to list highlights and present general themes 
that will aid the reader in understanding the rest of physiology 
(see  Clinical Box 2–9 ). 

    HOMEOSTASIS 
 Th e actual environment of the cells of the body is the inter-
stitial component of the ECF. Because normal cell function 
depends on the constancy of this fl uid, it is not surprising that 
in multicellular animals, an immense number of regulatory 
mechanisms have evolved to maintain it. To describe “the 
various physiologic arrangements which serve to restore 
the normal state, once it has been disturbed,” W.B. Cannon 
coined the term  homeostasis.  Th e buff ering properties of the 
body fl uids and the renal and respiratory adjustments to the 
presence of excess acid or alkali are examples of homeostatic 
mechanisms. Th ere are countless other examples, and a large 
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 FIGURE 229     Diagrammatic representation of guanylyl 
cyclases, tyrosine kinases, and tyrosine phosphatases.  ANP, atrial 
natriuretic peptide; C, cytoplasm; cyc, guanylyl cyclase domain; EGF, 
epidermal growth factor; ISF, interstitial fl uid; M, cell membrane; 
PDGF, platelet-derived growth factor; PTK, tyrosine kinase domain; 
PTP, tyrosine phosphatase domain; ST,  E. coli  enterotoxin. (Modifi ed 
from Koesling D, Böhme E, Schultz G: Guanylyl cyclases, a growing family of signal 
transducing enzymes. FASEB J 1991;5:2785.)  
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64 SECTION I Cellular and Molecular Basis for Medical Physiology

part of physiology is concerned with regulatory mechanisms 
that act to maintain the constancy of the internal environ-
ment. Many of these regulatory mechanisms operate on the 
principle of negative feedback; deviations from a given normal 
set point are detected by a sensor, and signals from the sensor 
trigger compensatory changes that continue until the set point 
is again reached. 
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 FIGURE 231     Signal transduction via the JAK–STAT 
pathway.  A) Ligand binding leads to dimerization of receptor .  
B) Activation and tyrosine phosphorylation of JAKs. C) JAKs 
phosphorylate STATs. D) STATs dimerize and move to nucleus, 
where they bind to response elements on DNA. (Modifi ed from Takeda K, 
Kishimoto T, Akira S: STAT6: Its role in interleukin 4-mediated biological functions. 
J Mol Med 1997;75:317.)  

 CLINICAL BOX 2–9 

  Receptor & G Protein Diseases  
 Many diseases are being traced to mutations in the genes 
for receptors. For example, loss-of-function receptor muta-
tions that cause disease have been reported for the 1,25-
dihydroxycholecalciferol receptor and the insulin receptor. 
Certain other diseases are caused by production of antibod-
ies against receptors. Thus, antibodies against thyroid-stim-
ulating hormone (TSH) receptors cause Graves’ disease, and 
antibodies against nicotinic acetylcholine receptors cause 
myasthenia gravis. 

 An example of loss of function of a receptor is the type 
of nephrogenic diabetes insipidus that is due to loss of the 
ability of mutated V2 vasopressin receptors to mediate con-
centration of the urine. Mutant receptors can gain as well 
as lose function. A gain-of-function mutation of the Ca 2+  
receptor causes excess inhibition of parathyroid hormone 
secretion and familial hypercalciuric hypocalcemia. G pro-
teins can also undergo loss-of-function or gain-of-function 
mutations that cause disease ( Table 2–6 ). In one form of 
pseudohypoparathyroidism, a mutated G s α fails to respond 
to parathyroid hormone, producing the symptoms of hy-
poparathyroidism without any decline in circulating para-
thyroid hormone. Testotoxicosis is an interesting disease 
that combines gain and loss of function. In this condition, 
an activating mutation of G s α causes excess testosterone 
secretion and prepubertal sexual maturation. However, this 
mutation is temperature-sensitive and is active only at the 
relatively low temperature of the testes (33°C). At 37°C, the 
normal temperature of the rest of the body, it is replaced by 
loss of function, with the production of hypoparathyroidism 
and decreased responsiveness to TSH. A diff erent activating 
mutation in G s α is associated with the rough-bordered areas 
of skin pigmentation and hypercortisolism of the McCune–
Albright syndrome. This mutation occurs during fetal devel-
opment, creating a mosaic of normal and abnormal cells. A 
third mutation in G s α reduces its intrinsic GTPase activity. 
As a result, it is much more active than normal, and excess 
cAMP is produced. This causes hyperplasia and eventu-
ally neoplasia in somatotrope cells of the anterior pituitary. 
Forty per cent of somatotrope tumors causing acromegaly 
have cells containing a somatic mutation of this type.    
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   CHAPTER SUMMARY 
  Th e cell and the intracellular organelles are surrounded by  ■

semipermeable membranes. Biological membranes have 
a lipid bilayer core that is populated by structural and 
functional proteins. Th ese proteins contribute greatly to 
the semipermeable properties of biological membrane. 
 Cells contain a variety of organelles that perform specialized  ■

cell functions. Th e nucleus is an organelle that contains the 
cellular DNA and is the site of transcription. Th e endoplasmic 
reticulum and the Golgi apparatus are important in 
protein processing and the targeting of proteins to correct 
compartments within the cell. Lysosomes and peroxisomes 
are membrane-bound organelles that contribute to protein 
and lipid processing. Mitochondria are organelles that allow 

for oxidative phosphorylation in eukaryotic cells and also 
are important in specialized cellular signaling. 
 Th e cytoskeleton is a network of three types of fi laments that  ■

provide structural integrity to the cell as well as a means for 
traffi  cking of organelles and other structures around the cell. 
Actin fi laments are important in cellular contraction, migration, 
and signaling. Actin fi laments also provide the backbone 
for muscle contraction. Intermediate fi laments are primarily 
structural. Microtubules provide a dynamic structure in cells 
that allows for the movement of cellular components around 
the cell. 
 Th ere are three superfamilies of molecular motor proteins  ■

in the cell that use the energy of ATP to generate force, 
movement, or both. Myosin is the force generator for muscle 
cell contraction. Cellular myosins can also interact with 
the cytoskeleton (primarily thin fi laments) to participate in 
contraction as well as movement of cell contents. Kinesins 
and cellular dyneins are motor proteins that primarily 
interact with microtubules to move cargo around the cells. 
 Cellular adhesion molecules aid in tethering cells to each  ■

other or to the extracellular matrix as well as providing for 
initiation of cellular signaling. Th ere are four main families 
of these proteins: integrins, immunoglobulins, cadherins, 
and selectins. 
 Cells contain distinct protein complexes that serve as cellular  ■

connections to other cells or the extracellular matrix. Tight 
junctions provide intercellular connections that link cells 
into a regulated tissue barrier and also provide a barrier to 
movement of proteins in the cell membrane. Gap junctions 
provide contacts between cells that allow for direct passage of 
small molecules between two cells. Desmosomes and adherens 
junctions are specialized structures that hold cells together. 
Hemidesmosomes and focal adhesions attach cells to their 
basal lamina. 
 Exocytosis and endocytosis are vesicular fusion events that  ■

allow for movement of proteins and lipids between the cell 
interior, the plasma membrane, and the cell exterior. Exocytosis 
can be constitutive or nonconstitutive; both are regulated 
processes that require specialized proteins for vesicular fusion. 
Endocytosis is the formation of vesicles at the plasma membrane 
to take material from the extracellular space into the cell interior. 
 Cells can communicate with one another via chemical  ■

messengers. Individual messengers (or ligands) typically bind 
to a plasma membrane receptor to initiate intracellular changes 
that lead to physiologic changes. Plasma membrane receptor 
families include ion channels, G protein-coupled receptors, 
or a variety of enzyme-linked receptors (eg, tyrosine kinase 
receptors). Th ere are additional cytosolic receptors (eg, steroid 
receptors) that can bind membrane-permeant compounds. 
Activation of receptors leads to cellular changes that include 
changes in membrane potential, activation of heterotrimeric 
G proteins, increase in second messenger molecules, or 
initiation of transcription. 
 Second messengers are molecules that undergo a rapid  ■

concentration changes in the cell following primary messenger 
recognition. Common second messenger molecules include 
Ca 2+ , cyclic adenosine monophosphate (cAMP), cyclic guanine 
monophosphate (cGMP), inositol trisphosphate (IP 3 ), and 
nitric oxide (NO). 

 TABLE 26 Examples of abnormalities caused by 
loss- or gain-of-function mutations of heterotrimeric 
G protein-coupled receptors and G proteins. 

Site Type of Mutation Disease

 Receptor 

Cone opsins Loss Color blindness

Rhodopsin Loss Congenital night 
blindness; two 
forms of retinitis 
pigmentosa

V 2  vasopressin Loss X-linked nephrogenic 
diabetes insipidus

ACTH Loss Familial glucocorticoid 
defi ciency

LH Gain Familial male 
precocious puberty

TSH Gain Familial 
nonautoimmune 
hyperthyroidism

TSH Loss Familial hypothyroidism

Ca 2+ Gain Familial hypercalciuric 
hypocalcemia

Thromboxane A 2 Loss Congenital bleeding

Endothelin B Loss Hirschsprung disease

G protein

G s  α Loss Pseudohypothyroidism 
type 1a

G s  α Gain/loss Testotoxicosis

G s  α Gain (mosaic) McCune–Albright 
syndrome

G s  α Gain Somatotroph 
adenomas with 
acromegaly

G i  α Gain Ovarian and 
adrenocortical 
tumors
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66 SECTION I Cellular and Molecular Basis for Medical Physiology

    MULTIPLECHOICE QUESTIONS 
  For all questions, select the single best answer unless otherwise directed.  
    1. Th e electrogenic Na, K ATPase plays a critical role in cellular 

physiology by
    using the energy in ATP to extrude 3 Na A. +  out of the cell in 
exchange for taking two K +  into the cell.  
  using the energy in ATP to extrude 3 K B. +  out of the cell in 
exchange for taking two Na +  into the cell.  
  using the energy in moving Na C. +  into the cell or K +  outside 
the cell to make ATP.  
  using the energy in moving Na D. +  outside of the cell or K +  
inside the cell to make ATP.  

       2. Cell membranes
    contain relatively few protein molecules.  A. 
  contain many carbohydrate molecules.  B. 
  are freely permeable to electrolytes but not to proteins.  C. 
  have variable protein and lipid contents depending on their D. 
location in the cell.  
  have a stable composition throughout the life of the cell.  E. 

     3.   Second messengers
    are substances that interact with fi rst messengers outside cells.  A. 
  are substances that bind to fi rst messengers in the cell B. 
membrane.  
  are hormones secreted by cells in response to stimulation by C. 
another hormone.  
  mediate the intracellular responses to many diff erent D. 
hormones and neurotransmitters.  
  are not formed in the brain.  E. 

       4. Th e Golgi complex
    is an organelle that participates in the breakdown of proteins A. 
and lipids.  
  is an organelle that participates in posttranslational B. 
processing of proteins.  
  is an organelle that participates in energy production.  C. 
  is an organelle that participates in transcription and D. 
translation.  
  is a subcellular compartment that stores proteins for E. 
traffi  cking to the nucleus.  

     5.   Endocytosis
    includes phagocytosis and pinocytosis, but not clathrin-A. 
mediated or caveolae-dependent uptake of extracellular 
contents.  
  refers to the merging of an intracellular vesicle with the B. 
plasma membrane to deliver intracellular contents to the 
extracellular milieu.  

  refers to the invagination of the plasma membrane to C. 
uptake extracellular contents into the cell.  
  refers to vesicular traffi  cking between Golgi stacks.  D. 

     6.   G protein-coupled receptors
    are intracellular membrane proteins that help to regulate A. 
movement within the cell.  
  are plasma membrane proteins that couple the B. 
extracellular binding of primary signaling molecules to 
exocytosis.  
  are plasma membrane proteins that couple the extracellular C. 
binding of primary signaling molecules to the activation 
of heterotrimeric G proteins.  
  are intracellular proteins that couple the binding of D. 
primary messenger molecules with transcription.  

     7.   Gap junctions are intercellular connections that
    primarily serve to keep cells separated and allow for A. 
transport across a tissue barrier.  
  serve as a regulated cytoplasmic bridge for sharing of B. 
small molecules between cells.  
  serve as a barrier to prevent protein movement within C. 
the cellular membrane.  
  are cellular components for constitutive exocytosis that D. 
occurs between adjacent cells.  

     8.   F-actin is a component of the cellular cytoskeleton that
    provides a structural component for cell movement.  A. 
  is defi ned as the “functional” form of actin in the cell.  B. 
  refers to the actin subunits that provide the molecular C. 
building blocks of the extended actin molecules found in 
the cell.  
  provide the molecular architecture for cell to cell D. 
communication.  
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  O B J E C T I V E S 

  After studying this chapter, 
you should be able to:  

  Understand the signifi cance of immunity, particularly with respect to  ■

defending the body against microbial invaders. 
 Defi ne the circulating and tissue cell types that contribute to immune and  ■

infl ammatory responses. 
 Describe how phagocytes are able to kill internalized bacteria.  ■

 Identify the functions of hematopoietic growth factors, cytokines, and  ■

chemokines. 
 Delineate the roles and mechanisms of innate, acquired, humoral, and cellular  ■

immunity. 
 Understand the basis of infl ammatory responses and wound healing.  ■

 Immunity, Infection, 
& Infl ammation 

C H A P T E R

3

    INTRODUCTION 
 As an open system, the body is continuously called upon to 
defend itself from potentially harmful invaders such as bacteria, 
viruses, and other microbes. Th is is accomplished by the immune 
system, which is subdivided into innate and adaptive (or acquired) 
branches. Th e immune system is composed of specialized 
eff ector cells that sense and respond to foreign antigens and other 
molecular patterns not found in human tissues. Likewise, the 
immune system clears the body’s own cells that have become 
senescent or abnormal, such as cancer cells. Finally, normal 
host tissues occasionally become the subject of inappropriate 

immune attack, such as in autoimmune diseases or in settings 
where normal cells are harmed as innocent bystanders when the 
immune system mounts an infl ammatory response to an invader. 
It is beyond the scope of this volume to provide a full treatment 
of all aspects of modern immunology. Nevertheless, the student 
of physiology should have a working knowledge of immune 
functions and their regulation, due to a growing appreciation 
for the ways in which the immune system can contribute to 
normal physiological regulation in a variety of tissues, as well as 
contributions of immune eff ectors to pathophysiology. 

   IMMUNE EFFECTOR CELLS 
 Many immune eff ector cells circulate in the blood as the white 
blood cells. In addition, the blood is the conduit for the pre-
cursor cells that eventually develop into the immune cells of 
the tissues. Th e circulating immunologic cells include  granu-
locytes (polymorphonuclear leukocytes, PMNs),  compris-
ing  neutrophils, eosinophils,  and  basophils; lymphocytes;  
and  monocytes.  Immune responses in the tissues are further 
amplifi ed by these cells following their extravascular migra-
tion, as well as tissue  macrophages  (derived from monocytes) 
and  mast cells  (related to basophils). Acting together, these 

cells provide the body with powerful defenses against tumors 
and viral, bacterial, and parasitic infections. 

  GRANULOCYTES 
 All granulocytes have cytoplasmic granules that contain bio-
logically active substances involved in infl ammatory and aller-
gic reactions. 

 Th e average half-life of a neutrophil in the circulation is 
6 h. To maintain the normal circulating blood level, it is there-
fore necessary to produce over 100 billion neutrophils per day. 
Many neutrophils enter the tissues, particularly if triggered to 
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68 SECTION I Cellular and Molecular Basis for Medical Physiology

do so by an infection or by infl ammatory cytokines. Th ey are 
attracted to the endothelial surface by cell adhesion molecules 
known as selectins, and they roll along it. Th ey then bind 
fi rmly to neutrophil adhesion molecules of the integrin family. 
Th ey next insinuate themselves through the walls of the capil-
laries between endothelial cells by a process called  diapedesis.  
Many of those that leave the circulation enter the gastrointes-
tinal tract and are eventually lost from the body. 

 Invasion of the body by bacteria triggers the  infl amma-
tory response.  Th e bone marrow is stimulated to produce and 
release large numbers of neutrophils. Bacterial products inter-
act with plasma factors and cells to produce agents that attract 
neutrophils to the infected area  (chemotaxis).  Th e chemotac-
tic agents, which are part of a large and expanding family of 
 chemokines  (see following text), include a component of the 
complement system (C5a); leukotrienes; and polypeptides 
from lymphocytes, mast cells, and basophils. Other plasma fac-
tors act on the bacteria to make them “tasty” to the phagocytes 
 (opsonization).  Th e principal opsonins that coat the bacteria 
are immunoglobulins of a particular class (IgG) and comple-
ment proteins (see following text). Th e coated bacteria then 
bind to G protein-coupled receptors on the neutrophil cell 
membrane. Th is triggers increased motor activity of the cell, 
exocytosis, and the so-called respiratory burst. Th e increased 
motor activity leads to prompt ingestion of the bacteria by endo-
cytosis  (phagocytosis).  By  exocytosis,  neutrophil granules dis-
charge their contents into the phagocytic vacuoles containing 
the bacteria and also into the interstitial space  (degranulation).  
Th e granules contain various proteases plus antimicrobial pro-
teins called  defensins.  In addition, the cell membrane-bound 
enzyme  NADPH oxidase  is activated, with the production of 
toxic oxygen metabolites. Th e combination of the toxic oxy-
gen metabolites and the proteolytic enzymes from the granules 
makes the neutrophil a very eff ective killing machine. 

 Activation of NADPH oxidase is associated with a sharp 
increase in O 2  uptake and metabolism in the neutrophil (the 
 respiratory burst ) and generation of O 2  −  by the following 
reaction: 

NADPH + H+ + 2O2 + → NADP+ + 2H+ + 2O2
−

 O 2  −  is a  free radical  formed by the addition of one electron 
to O 2 . Two O 2  −  react with two H +  to form H 2 O 2  in a reaction 
catalyzed by the cytoplasmic form of superoxide dismutase 
(SOD-1): 

O2
− + O2

− + H+ ⎯→ → H2O2 + O2

 O 2  −  and H 2 O 2  are both oxidants that are eff ective bacte-
ricidal agents, but H 2 O 2  is converted to H 2 O and O 2  by the 
enzyme  catalase.  Th e cytoplasmic form of SOD contains both 
Zn and Cu. It is found in many parts of the body. It is defec-
tive as a result of genetic mutation in a familial form of  amyo-
trophic lateral sclerosis  (ALS; see  Chapter 15 ). Th erefore, it 
may be that O 2  −  accumulates in motor neurons and kills them 
in at least one form of this progressive, fatal disease. Two other 
forms of SOD encoded by at least one diff erent gene are also 
found in humans. 

 Neutrophils also discharge the enzyme  myeloperoxidase,  
which catalyzes the conversion of Cl − , Br − , I − , and SCN −  to the 
corresponding acids (HOCl, HOBr, etc). Th ese acids are also 
potent oxidants. Because Cl −  is present in greatest abundance 
in body fl uids, the principal product is HOCl. 

 In addition to myeloperoxidase and defensins, neutrophil 
granules contain elastase, metalloproteinases that attack colla-
gen, and a variety of other proteases that help destroy invading 
organisms. Th ese enzymes act in a cooperative fashion with 
O 2  − , H 2 O 2 , and HOCl to produce a killing zone around the 
activated neutrophil. Th is zone is eff ective in killing invading 
organisms, but in certain diseases (eg, rheumatoid arthritis) 
the neutrophils may also cause local destruction of host tissue. 

 Like neutrophils,  eosinophils  have a short half-life in 
the circulation, are attracted to the surface of endothelial cells 
by selectins, bind to integrins that attach them to the vessel 
wall, and enter the tissues by diapedesis. Like neutrophils, 
they release proteins, cytokines, and chemokines that produce 
infl ammation but are capable of killing invading organisms. 
However, eosinophils have some selectivity in the way in which 
they respond and in the killing molecules they secrete. Th eir 
maturation and activation in tissues is particularly stimulated 
by IL-3, IL-5, and GM-CSF (see below). Th ey are especially 
abundant in the mucosa of the gastrointestinal tract, where 
they defend against parasites, and in the mucosa of the respira-
tory and urinary tracts. Circulating eosinophils are increased 
in allergic diseases such as asthma and in various other respi-
ratory and gastrointestinal diseases. 

  Basophils  also enter tissues and release proteins and 
cytokines. Th ey resemble but are not identical to mast cells, and 
like mast cells they contain histamine (see below). Th ey release 
histamine and other infl ammatory mediators when activated 
by binding of specifi c antigens to cell-fi xed IgE molecules, and 
participate in immediate-type hypersensitivity (allergic) reac-
tions. Th ese range from mild urticaria and rhinitis to severe 
anaphylactic shock. Th e antigens that trigger IgE formation 
and basophil (and mast cell) activation are innocuous to most 
individuals, and are referred to as allergens. 

   MAST CELLS 
  Mast cells  are heavily granulated cells of the connective tis-
sue that are abundant in tissues that come into contact with 
the external environment, such as beneath epithelial surfaces. 
Th eir granules contain proteoglycans, histamine, and many 
proteases. Like basophils, they degranulate when allergens 
bind to cell-bound IgE molecules directed against them. Th ey 
are involved in infl ammatory responses initiated by immuno-
globulins IgE and IgG (see below). Th e infl ammation combats 
invading parasites. In addition to this involvement in acquired 
immunity, they release TNF-α in response to bacterial products 
by an antibody-independent mechanism, thus participating in 
the nonspecifi c  innate immunity  that combats infections prior 
to the development of an adaptive immune response (see fol-
lowing text). Marked mast cell degranulation produces clinical 
manifestations of allergy up to and including anaphylaxis. 

SOD-1
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   MONOCYTES 
 Monocytes enter the blood from the bone marrow and cir-
culate for about 72 h. Th ey then enter the tissues and become 
 tissue macrophages  ( Figure 3–1 ). Th eir life span in the tis-
sues is unknown, but bone marrow transplantation data 
in humans suggest that they persist for about 3 months. It 
appears that they do not reenter the circulation. Some may 
end up as the multinucleated giant cells seen in chronic 
infl ammatory diseases such as tuberculosis. Th e tissue mac-
rophages include the Kupff er cells of the liver, pulmonary 
alveolar macrophages (see  Chapter 34 ), and microglia in the 
brain, all of which come originally from the circulation. In 
the past, they have been called the  reticuloendothelial sys-
tem,  but the general term  tissue macrophage system  seems 
more appropriate. 

 Macrophages are activated by cytokines released from T 
lymphocytes, among others. Activated macrophages migrate 
in response to chemotactic stimuli and engulf and kill bacte-
ria by processes generally similar to those occurring in neu-
trophils. Th ey play a key role in innate immunity (see below). 
Th ey also secrete up to 100 diff erent substances, including fac-
tors that aff ect lymphocytes and other cells, prostaglandins of 
the E series, and clot-promoting factors. 

   LYMPHOCYTES 
 Lymphocytes are key elements in the production of acquired 
immunity (see below). Aft er birth, some lymphocytes are 
formed in the bone marrow. However, most are formed in the 
lymph nodes ( Figure 3–2 ), thymus, and spleen from precur-
sor cells that originally came from the bone marrow and were 
processed in the thymus (T cells) or bursal equivalent (B cells, 
see below). Lymphocytes enter the bloodstream for the most 
part via the lymphatics. At any given time, only about 2% of 
the body lymphocytes are in the peripheral blood. Most of the 
rest are in the lymphoid organs. It has been calculated that in 
humans, 3.5 × 10 10  lymphocytes per day enter the circulation 
via the thoracic duct alone; however, this count includes cells 

Macrophages

Pseudopods

Bacteria

FIGURE 31 Macrophages contacting bacteria and preparing 
to engulf them. Figure is a colorized version of a scanning 
electronmicrograph.

Cortical 
follicles,
B cells

Paracortex, 
T cells

Medullary cords, 
plasma cells

FIGURE 32 Anatomy of a normal lymph node. (After 
Chandrasoma. Reproduced with permission from McPhee SJ, Lingappa VR, Ganong 
WF [editors]: Pathophysiology of Disease, 4th ed. McGraw-Hill, 2003.)

that reenter the lymphatics and thus traverse the thoracic duct 
more than once. Th e eff ects of adrenocortical hormones on 
the lymphoid organs, the circulating lymphocytes, and the 
granulocytes are discussed in  Chapter 20 . 

 During fetal development, and to a much lesser extent 
during adult life, lymphocyte precursors come from the bone 
marrow. Th ose that populate the thymus ( Figure 3–3 ) become 
transformed by the environment in this organ into T lym-
phocytes .  In birds, the precursors that populate the bursa of 
Fabricius, a lymphoid structure near the cloaca, become trans-
formed into B lymphocytes .  Th ere is no bursa in mammals, 
and the transformation to B lymphocytes occurs in  bursal 
equivalents,  that is, the fetal liver and, aft er birth, the bone 
marrow. Aft er residence in the thymus or liver, many of the T 
and B lymphocytes migrate to the lymph nodes. 

 T and B lymphocytes are morphologically indistinguish-
able but can be identifi ed by markers on their cell membranes. 
B cells diff erentiate into  plasma cells  and  memory B cells.  
Th ere are three major types of T cells:  cytotoxic T cells, 
helper T cells,  and  memory T cells.  Th ere are two subtypes 
of helper T cells: T helper 1 (T H 1) cells secrete IL-2 and 
γ-interferon and are concerned primarily with cellular immu-
nity; T helper 2 (T H 2) cells secrete IL-4 and IL-5 and inter-
act primarily with B cells in relation to humoral immunity. 
Cytotoxic T cells destroy transplanted and other foreign cells, 
with their development aided and directed by helper T cells. 
Markers on the surface of lymphocytes are assigned CD (clus-
ters of diff erentiation) numbers on the basis of their reactions 
to a panel of monoclonal antibodies. Most cytotoxic T cells 
display the glycoprotein CD8, and helper T cells display the 
glycoprotein CD4. Th ese proteins are closely associated with 
the T cell receptors and may function as coreceptors. On the 
basis of diff erences in their receptors and functions, cytotoxic 
T cells are divided into αβ and γδ types (see below). Natural 
killer (NK) cells (see above) are also cytotoxic lymphocytes, 
though they are not T cells. Th us, there are three main types 
of cytotoxic lymphocytes in the body: αβ T cells, γδ T cells, 
and NK cells. 
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   MEMORY B CELLS & T CELLS 
 Aft er exposure to a given antigen, a small number of activated B 
and T cells persist as memory B and T cells. Th ese cells are read-
ily converted to eff ector cells by a later encounter with the same 
antigen. Th is ability to produce an accelerated response to a sec-
ond exposure to an antigen is a key characteristic of acquired 
immunity. Th e ability persists for long periods of time, and in 
some instances (eg, immunity to measles) it can be life-long. 

 Aft er activation in lymph nodes, lymphocytes disperse 
widely throughout the body and are especially plentiful in areas 
where invading organisms enter the body, for example, the 
mucosa of the respiratory and gastrointestinal tracts. Th is puts 
memory cells close to sites of reinfection and may account in part 
for the rapidity and strength of their response. Chemokines are 
involved in guiding activated lymphocytes to these locations. 

   GRANULOCYTE & MACROPHAGE 
COLONYSTIMULATING FACTORS 
 Th e production of white blood cells is regulated with great 
precision in healthy individuals, and the production of granu-
locytes is rapidly and dramatically increased in infections. 
Th e proliferation and self-renewal of hematopoietic stem 
cells (HSCs) depends on  stem cell factor (SCF).  Other fac-
tors specify particular lineages. Th e proliferation and matu-
ration of the cells that enter the blood from the marrow are 
regulated by growth factors that cause cells in one or more of 
the committed cell lines to proliferate and mature ( Table 3–1 ). 
Th e regulation of erythrocyte production by  erythropoietin  
is discussed in  Chapter 38 . Th ree additional factors are called 
 colony-stimulating factors (CSFs),  because they cause appro-
priate single stem cells to proliferate in soft  agar, forming colo-
nies. Th e factors stimulating the production of committed 
stem cells include  granulocyte–macrophage CSF (GM-CSF), 
granulocyte CSF (G-CSF),  and  macrophage CSF (M-CSF).  

Interleukins  IL-1  and  IL-6  followed by  IL-3  ( Table 3–1 ) act in 
sequence to convert pluripotential uncommitted stem cells to 
committed progenitor cells. IL-3 is also known as  multi-CSF.  
Each of the CSFs has a predominant action, but all the CSFs 
and interleukins also have other overlapping actions. In addi-
tion, they activate and sustain mature blood cells. It is inter-
esting in this regard that the genes for many of these factors 
are located together on the long arm of chromosome 5 and 
may have originated by duplication of an ancestral gene. It is 
also interesting that basal hematopoiesis is normal in mice in 
which the GM-CSF gene is knocked out indicating that loss 
of one factor can be compensated for by others. On the other 
hand, the absence of GM-CSF causes accumulation of surfac-
tant in the lungs (see  Chapter 34 ). 

 As noted in  Chapter 38 , erythropoietin is produced in 
part by kidney cells and is a circulating hormone. Th e other 
factors are produced by macrophages, activated T cells, fi bro-
blasts, and endothelial cells. For the most part, the factors act 
locally in the bone marrow (Clinical  Box 3–1 ). 

    IMMUNITY 

  OVERVIEW 
 Insects and other invertebrates have only  innate immunity.  
Th is system is triggered by receptors that bind sequences of 
sugars, lipids, amino acids, or nucleic acids that are common 
on bacteria and other microorganisms, but are not found in 
eukaryotic cells. Th ese receptors, in turn, activate various 
defense mechanisms. Th e receptors are coded in the germ line, 
and their fundamental structure is not modifi ed by exposure 
to antigen. Th e activated defenses include, in various species, 
release of interferons, phagocytosis, production of antibacterial 
peptides, activation of the complement system, and several 
proteolytic cascades. Even plants release antibacterial peptides 
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FIGURE 33 Development of the system mediating acquired immunity.
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cytokines that orchestrate the immune response, including that 
of B cells. Activated B lymphocytes form clones that produce 
secreted antibodies, which attack foreign proteins. Aft er the 
invasion is repelled, small numbers of lymphocytes persist as 
memory cells so that a second exposure to the same antigen 
provokes a prompt and magnifi ed immune attack. Th e genetic 
event that led to acquired immunity occurred 450 million years 
ago in the ancestors of jawed vertebrates and was probably 
insertion of a transposon into the genome in a way that made 
possible the generation of the immense repertoire of T cell 
receptors and antibodies that can be produced by the body. 

TABLE 31 Hematopoietic growth factors.

Cytokine
Cell Lines 
Stimulated Cytokine Source

IL-1 Erythrocyte

Granulocyte

Megakaryocyte

Monocyte

Multiple cell types

IL-3 Erythrocyte

Granulocyte

Megakaryocyte

Monocyte

T lymphocytes

IL-4 Basophil T lymphocytes

IL-5 Eosinophil T lymphocytes

IL-6 Erythrocyte

Granulocyte

Megakaryocyte

Monocyte

Endothelial cells

Fibroblasts

Macrophages

IL-11 Erythrocyte

Granulocyte

Megakaryocyte

Fibroblasts

Osteoblasts

Erythropoietin Erythrocyte Kidney

Kupff er cells of liver

SCF Erythrocyte

Granulocyte

Megakaryocyte

Monocyte

Multiple cell types

G-CSF Granulocyte Endothelial cells

Fibroblasts

Monocytes

GM-CSF Erythrocyte

Granulocyte

Megakaryocyte

Endothelial cells

Fibroblasts

Monocytes

T lymphocytes

M-CSF Monocyte Endothelial cells

Fibroblasts

Monocytes

Thrombopoietin Megakaryocyte Liver, kidney

Key: CSF, colony stimulating factor; G, granulocyte; IL, interleukin; M, macrophage; 
SCF, stem cell factor.

Reproduced with permission from McPhee SJ, Lingappa VR, Ganong WF (editors): 
Pathophysiology of Disease, 6th ed. McGraw-Hill, 2010.

CLINICAL BOX 3–1

Disorders of Phagocytic Function
More than 15 primary defects in neutrophil function have 
been described, along with at least 30 other conditions 
in which there is a secondary depression of the function 
of neutrophils. Patients with these diseases are prone to 
infections that are relatively mild when only the neutro-
phil system is involved, but which can be severe when the 
monocyte-tissue macrophage system is also involved. In 
one syndrome (neutrophil hypomotility), actin in the neu-
trophils does not polymerize normally, and the neutrophils 
move slowly. In another, there is a congenital defi ciency of 
leukocyte integrins. In a more serious disease (chronic gran-
ulomatous disease), there is a failure to generate O2

− in both 
neutrophils and monocytes and consequent inability to kill 
many phagocytosed bacteria. In severe congenital glucose 
6-phosphate dehydrogenase defi ciency, there are multiple 
infections because of failure to generate the NADPH nec-
essary for O2

− production. In congenital myeloperoxidase 
defi ciency, microbial killing power is reduced because hy-
pochlorous acid is not formed.

THERAPEUTIC HIGHLIGHTS 

The cornerstones of treatment in disorders of phago-
cytic function include scrupulous eff orts to avoid 
exposure to infectious agents, and antibiotic and 
antifungal prophylaxis. Antimicrobial therapies must 
also be implemented aggressively if infections occur. 
Sometimes, surgery is needed to excise and/or drain 
abscesses and relieve obstructions. Bone marrow 
transplantation may off er the hope of a defi nitive cure 
for severe conditions, such as chronic granulomatous 
disease. Suff erers of this condition have a signifi cantly 
reduced life expectancy due to recurrent infections 
and their complications, and so the risks of bone mar-
row transplantation may be deemed acceptable. Gene 
therapy, on the other hand, remains a distant goal.

in response to infection. Th is primitive immune system is also 
important in vertebrates, particularly in the early response 
to infection. However, in vertebrates, innate immunity is also 
complemented by  adaptive  or  acquired immunity,  a system in 
which T and B lymphocytes are activated by specifi c antigens. 
T cells bear receptors related to antibody molecules, but which 
remain cell-bound. When these receptors encounter their cog-
nate antigen, the T cell is stimulated to proliferate and produce 
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 In vertebrates, including humans, innate immunity pro-
vides the fi rst line of defense against infections, but it also trig-
gers the slower but more specifi c acquired immune response 
( Figure 3–4 ). In vertebrates, natural and acquired immune 
mechanisms also attack tumors and tissue transplanted from 
other animals. 

 Once activated, immune cells communicate by means 
of cytokines and chemokines. Th ey kill viruses, bacteria, and 
other foreign cells by secreting other cytokines and activating 
the complement system. 

   CYTOKINES 
 Cytokines are hormone-like molecules that act—generally in 
a paracrine fashion—to regulate immune responses. Th ey are 
secreted not only by lymphocytes and macrophages but by 
endothelial cells, neurons, glial cells, and other types of cells. 
Most of the cytokines were initially named for their actions, 
for example, B cell-diff erentiating factor, or B cell-stimulating 
factor 2. However, the nomenclature has since been rational-
ized by international agreement to that of the  interleukins.  
For example, the name of B cell-diff erentiating factor was 
changed to interleukin-4. A number of cytokines selected for 
their biological and clinical relevance are listed in  Table 3–2 , 
but it would be beyond the scope of this text to list all cytok-
ines, which now number more than 100. 

 Many of the receptors for cytokines and hematopoietic 
growth factors (see above), as well as the receptors for prolac-
tin (see  Chapter 22 ), and growth hormone (see  Chapter 18 ) 
are members of a cytokine-receptor superfamily that has three 
subfamilies ( Figure 3–5 ). Th e members of subfamily 1, which 

includes the receptors for IL-4 and IL-7, are homodimers. Th e 
members of subfamily 2, which includes the receptors for IL-3, 
IL-5, and IL-6, are heterodimers. Th e receptor for IL-2 (and 
several other cytokines) consists of a heterodimer plus an unre-
lated protein, the so-called Tac antigen. Th e other members of 
subfamily 3 have the same γ chain as IL-2R. Th e extracellular 
domain of the homodimer and heterodimer subunits all contain 
four conserved cysteine residues plus a conserved Trp-Ser-X-
Trp-Ser domain, and although the intracellular portions do not 
contain tyrosine kinase catalytic domains, they activate cyto-
plasmic tyrosine kinases when ligand binds to the receptors. 

 Th e eff ects of the principal cytokines are listed in  Table 3–2 . 
Some of them have systemic as well as local paracrine eff ects. 
For example, IL-1, IL-6, and tumor necrosis factor α cause fever, 
and IL-1 increases slow-wave sleep and reduces appetite. 

 Another superfamily of cytokines is the  chemokine  family. 
Chemokines are substances that attract neutrophils (see previ-
ous text) and other white blood cells to areas of infl ammation 
or immune response. Over 40 have now been identifi ed, and it 
is clear that they also play a role in the regulation of cell growth 
and angiogenesis. Th e chemokine receptors are G protein-
coupled receptors that cause, among other things, extension 
of pseudopodia with migration of the cell toward the source 
of the chemokine. 

   THE COMPLEMENT SYSTEM 
 Th e cell-killing eff ects of innate and acquired immunity are medi-
ated in part by a system of more than 30 plasma proteins originally 
named the  complement system  because they “complemented” 
the eff ects of antibodies. Th ree diff erent pathways or enzyme 
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FIGURE 34 How bacteria, viruses, and tumors trigger innate immunity and initiate the acquired immune response. Arrows 
indicate mediators/cytokines that act on the target cell shown and/or pathways of diff erentiation. APC, antigen-presenting cell; M, monocyte; 
N, neutrophil; TH1 and TH2, helper T cells type 1 and type 2, respectively.
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TABLE 32 Examples of cytokines and their clinical relevance.

Cytokine Cellular Sources Major Activities Clinical Relevance

Interleukin-1 Macrophages Activation of T cells and macrophages; 
promotion of infl ammation

Implicated in the pathogenesis of septic shock, 
rheumatoid arthritis, and atherosclerosis

Interleukin-2 Type 1 (TH1) helper T cells Activation of lymphocytes, natural 
killer cells, and macrophages

Used to induce lymphokine-activated killer cells; 
used in the treatment of metastatic renal-cell 
carcinoma, melanoma, and various other tumors

Interleukin-4 Type 2 (TH2) helper T cells, 
mast cells, basophils, and 
eosinophils

Activation of lymphocytes, 
monocytes, and IgE class switching

As a result of its ability to stimulate IgE 
production, plays a part in mast-cell sensitization 
and thus in allergy and in defense against 
nematode infections

Interleukin-5 Type 2 (TH2) helper T cells, 
mast cells, and eosinophils

Diff erentiation of eosinophils Monoclonal antibody against interleukin-5 
used to inhibit the antigen-induced late-phase 
eosinophilia in animal models of allergy

Interleukin-6 Type 2 (TH2) helper T cells 
and macrophages

Activation of lymphocytes; 
diff erentiation of B cells; stimulation 
of the production of acute-phase 
proteins

Overproduced in Castleman’s disease; acts as 
an autocrine growth factor in myeloma and in 
mesangial proliferative glomerulonephritis

Interleukin-8 T cells and macrophages Chemotaxis of neutrophils, basophils, 
and T cells

Levels are increased in diseases accompanied 
by neutrophilia, making it a potentially useful 
marker of disease activity

Interleukin-11 Bone marrow stromal cells Stimulation of the production of 
acute-phase proteins

Used to reduce chemotherapy-induced 
thrombocytopenia in patients with cancer

Interleukin-12 Macrophages and B cells Stimulation of the production of inter-
feron γ by type 1 (TH1) helper T cells 
and by natural killer cells; induction of 
type 1 (TH1) helper T cells

May be useful as an adjuvant for vaccines

Tumor necrosis 
factor α

Macrophages, natural killer 
cells, T cells, B cells, and 
mast cells

Promotion of infl ammation Treatment with antibodies against tumor 
necrosis factor α benefi cial in rheumatoid 
arthritis and Crohn’s disease

Lymphotoxin 
(tumor necrosis 
factor β)

Type 1 (TH1) helper T cells 
and B cells

Promotion of infl ammation Implicated in the pathogenesis of multiple 
sclerosis and insulin-dependent diabetes 
mellitus

Transforming 
growth factor β

T cells, macrophages, B cells, 
and mast cells

Immunosuppression May be useful therapeutic agent in multiple 
sclerosis and myasthenia gravis

Granulocyte-
macrophage 
colony-stimulating 
factor

T cells, macrophages, 
natural killer cells, and B 
cells

Promotion of the growth of 
granulocytes and monocytes

Used to reduce neutropenia after chemotherapy 
for tumors and in ganciclovir-treated patients 
with AIDS; used to stimulate cell production 
after bone marrow transplantation

Interferon-α Virally infected cells Induction of resistance of cells to viral 
infection

Used to treat AIDS-related Kaposi sarcoma, 
melanoma, chronic hepatitis B infection, and 
chronic hepatitis C infection

Interferon-β Virally infected cells Induction of resistance of cells to viral 
infection

Used to reduce the frequency and severity of 
relapses in multiple sclerosis

Interferon-γ Type 1 (TH1) helper T cells 
and natural killer cells

Activation of macrophages; inhibition 
of type 2 (TH2) helper T cells

Used to enhance the killing of phagocytosed 
bacteria in chronic granulomatous disease

Reproduced with permission from Delves PJ, Roitt IM: The immune system. First of two parts. N Engl J Med 2000;343:37.

cascades activate the system: the  classic pathway,  triggered by 
immune complexes; the  mannose-binding lectin pathway,  trig-
gered when this lectin binds mannose groups in bacteria; and 
the  alternative  or  properdin pathway,  triggered by contact with 
various viruses, bacteria, fungi, and tumor cells. Th e proteins 
that are produced have three functions: they help kill invading 
organisms by opsonization, chemotaxis, and eventual lysis of 

the cells; they serve in part as a bridge from innate to acquired 
immunity by activating B cells and aiding immune memory; and 
they help dispose of waste products aft er apoptosis. Cell lysis, 
one of the principal ways the complement system kills cells, is 
brought about by inserting proteins called  perforins  into their 
cell membranes. Th ese create holes, which permit free fl ow of 
ions and thus disruption of membrane polarity. 
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   INNATE IMMUNITY 
 Th e cells that mediate innate immunity include neutrophils, 
macrophages, and  natural killer cells,  large cytotoxic lympho-
cytes distinct from both T and B cells . All these cells respond 
to molecular patterns produced by bacteria and to other sub-
stances characteristic of viruses, tumor, and transplant cells. 
Many cells that are not professional immunocytes may nev-
ertheless also contribute to innate immune responses, such 
as endothelial and epithelial cells. Th e activated cells produce 
their eff ects via the release of cytokines, as well as, in some 
cases, complement and other systems. 

 Innate immunity in   Drosophila   centers around a receptor 
protein named  toll,  which binds fungal antigens and triggers 
activation of genes coding for antifungal proteins. An expand-
ing list of toll-like receptors (TLRs) have now been identifi ed 
in humans and other vertebrates. One of these, TLR4, binds 
bacterial lipopolysaccharide and a protein called CD14, and 
this initiates intracellular events that activate transcription 
of genes for a variety of proteins involved in innate immune 
responses. Th is is important because bacterial lipopolysac-
charide produced by gram-negative organisms is the cause of 
septic shock. TLR2 mediates the response to microbial lipo-
proteins, TLR6 cooperates with TLR2 in recognizing certain 

peptidoglycans, TLR5 recognizes a molecule known as fl agel-
lin in bacterial fl agellae, and TLR9 recognizes bacterial DNA. 
TLRs are referred to as  pattern recognition receptors (PRRs),  
because they recognize and respond to the molecular patterns 
expressed by pathogens. Other PRRs may be intracellular, such 
as the so-called NOD proteins. One NOD protein, NOD2, has 
received attention as a candidate gene leading to the intestinal 
infl ammatory condition, Crohn’s disease (Clinical  Box 3–2 ). 

   ACQUIRED IMMUNITY 
 As noted previously, the key to acquired immunity is the ability 
of lymphocytes to produce antibodies (in the case of B cells) or 
cell-surface receptors (in the case of T cells) that are specifi c for 
one of the many millions of foreign agents that may invade the 
body. Th e antigens stimulating production of T cell receptors or 
antibodies are usually proteins and polypeptides, but antibodies 
can also be formed against nucleic acids and lipids if these are pre-
sented as nucleoproteins and lipoproteins. Antibodies to small 
molecules can also be produced experimentally if the molecules 
are bound to protein. Acquired immunity has two components: 
humoral immunity and cellular immunity.  Humoral immunity  
is mediated by circulating immunoglobulin antibodies in the 
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FIGURE 35 Members of one of the cytokine receptor 
superfamilies, showing shared structural elements. Note that all 
the subunits except the α subunit in subfamily 3 have four conserved 
cysteine residues (open boxes at top) and a Trp-Ser-X-Trp-Ser motif 
(pink). Many subunits also contain a critical regulatory domain in 

their cytoplasmic portions (green). CNTF, ciliary neurotrophic factor; 
LIF, leukemia inhibitory factor; OSM, oncostatin M; PRL, prolactin. 
(Modifi ed from D’Andrea AD: Cytokine receptors in congenital hematopoietic 
disease. N Engl J Med 1994;330:839.)
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γ-globulin fraction of the plasma proteins. Immunoglobulins 
are produced by diff erentiated forms of B lymphocytes known 
as  plasma cells,  and they activate the complement system and 
attack and neutralize antigens. Humoral immunity is a major 
defense against bacterial infections.  Cellular immunity  is medi-
ated by T lymphocytes. It is responsible for delayed allergic reac-
tions and rejection of transplants of foreign tissue. Cytotoxic T 
cells attack and destroy cells bearing the antigen that activated 
them. Th ey kill by inserting perforins (see above) and by initi-
ating apoptosis. Cellular immunity constitutes a major defense 
against infections due to viruses, fungi, and a few bacteria such 
as the tubercle bacillus. It also helps defend against tumors. 

CLINICAL BOX 3–2

Crohn’s Disease
Crohn’s disease is a chronic, relapsing, and remitting disease 
that involves transmural infl ammation of the intestine that 
can occur at any point along the length of the gastrointesti-
nal tract, but most commonly is confi ned to the distal small 
intestine and colon. Patients with this condition suff er from 
changes in bowel habits, bloody diarrhea, severe abdomi-
nal pain, weight loss, and malnutrition. Evidence is accumu-
lating that the disease refl ects a failure to down-regulate 
infl ammatory responses to the normal gut commensal 
microbiota. In genetically-susceptible individuals, mutations 
in genes controlling innate immune responses (eg, NOD2) 
or regulators of acquired immunity appear to predispose to 
disease when individuals are exposed to appropriate envi-
ronmental factors, which can include a change in the micro-
biota or stress

THERAPEUTIC HIGHLIGHTS

During fl ares of Crohn’s disease, the mainstay of treat-
ment remains high-dose corticosteroids to suppress 
infl ammation nonspecifi cally. Surgery is often re-
quired to treat complications such as strictures, fi stu-
las, and abscesses. Some patients with severe disease 
also benefi t from ongoing treatment with immuno-
suppressive drugs, or from treatment with antibodies 
targeted against tumor necrosis factor-α. Probiotics, 
therapeutic microorganisms designed to restore a 
“healthy” microbiota, may have some role in prophy-
laxis. The pathogenesis of Crohn’s disease, as well as 
the related infl ammatory bowel disease, ulcerative 
colitis, remains the subject of intense investigation, 
and therapies that target specifi c facets of the infl am-
matory cascade that may be selectively implicated in 
individual patients with diff ering genetic backgrounds 
are under development.

   ANTIGEN RECOGNITION 
 Th e number of diff erent antigens recognized by lymphocytes 
in the body is extremely large. Th e repertoire develops initially 
without exposure to the antigen. Stem cells diff erentiate into 
many million diff erent T and B lymphocytes, each with the 
ability to respond to a particular antigen. When the antigen 
fi rst enters the body, it can bind directly to the appropriate 
receptors on B cells. However, a full antibody response requires 
that the B cells contact helper T cells. In the case of T cells, the 
antigen is taken up by an antigen-presenting cell (APC) and 
partially digested. A peptide fragment of it is presented to the 
appropriate receptors on T cells. In either case, the cells are 
stimulated to divide, forming  clones  of cells that respond to 
this antigen  (clonal selection).  Eff ector cells are also subject to 
negative selection,    during which lymphocyte precursors that 
are reactive with self-antigens are normally deleted. Th is results 
in immune  tolerance.  It is this latter process that presumably 
goes awry in autoimmune diseases, where the body reacts to 
and destroys cells expressing normal proteins, with accompa-
nying infl ammation that may lead to tissue destruction. 

   ANTIGEN PRESENTATION 
APCs  include specialized cells called  dendritic cells  in the 
lymph nodes and spleen and the Langerhans dendritic cells in 
the skin. Macrophages and B cells themselves, and likely many 
other cell types, can also function as APCs. For example, in 
the intestine, the epithelial cells that line the tract are likely 
important in presenting antigens derived from commensal 
bacteria. In APCs, polypeptide products of antigen digestion 
are coupled to protein products of the  major histocompat-
ibility complex (MHC)  genes and presented on the surface 
of the cell. Th e products of the MHC genes are called human 
leukocyte antigens (HLA). 

 Th e genes of the MHC, which are located on the short 
arm of human chromosome 6, encode glycoproteins and are 
divided into two classes on the basis of structure and func-
tion. Class I antigens are composed of a 45-kDa heavy chain 
associated noncovalently with β 2 -microglobulin encoded by a 
gene outside the MHC (Figure 3–6). Th ey are found on all 
nucleated cells. Class II antigens are heterodimers made up of 
a 29–34-kDa α chain associated noncovalently with a 25–28-
kDa β chain. Th ey are present in “professional” APCs, includ-
ing B cells, and in activated T cells. 

 Th e class I MHC proteins (MHC-I proteins) are coupled 
primarily to peptide fragments generated from proteins syn-
thesized within cells. Peptides to which the host is not tolerant 
(eg, those from mutant or viral proteins) are recognized by T 
cells. Th e digestion of these proteins occurs in complexes of 
proteolytic enzymes known as  proteasomes,  and the peptide 
fragments bind to MHC proteins in the endoplasmic reticulum. 
Th e class II MHC proteins (MHC-II proteins) are concerned 
primarily with peptide products of extracellular antigens, such 
as bacteria, that enter the cell by endocytosis and are digested 
in the late endosomes. 

Ganong_Ch03_067-082.indd   75 1/4/12   11:40:35 AM



76 SECTION I Cellular and Molecular Basis for Medical Physiology

   T CELL RECEPTORS 
 Th e MHC protein–peptide complexes on the surface of the 
APCs bind to appropriate T cells. Th erefore, receptors on the 
T cells must recognize a very wide variety of complexes. Most 
of the receptors on circulating T cells are made up of two poly-
peptide units designated α and β. Th ey form heterodimers 
that recognize the MHC proteins and the antigen fragments 
with which they are combined ( Figure 3–7 ). Th ese cells are 
called αβ T cells. On the other hand, about 10% of circulating 
T cells have two diff erent polypeptides designated γ and δ in 
their receptors, and they are called γδ T cells. Th ese T cells 
are prominent in the mucosa of the gastrointestinal tract, and 
there is evidence that they form a link between the innate and 
acquired immune systems by way of the cytokines they secrete 
( Figure 3–3 ). 

 CD8 occurs on the surface of cytotoxic T cells that bind 
MHC-I proteins, and CD4 occurs on the surface of helper T 
cells that bind MHC-II proteins ( Figure 3–8 ). Th e CD8 and 
CD4 proteins facilitate the binding of the MHC proteins to the 
T cell receptors, and they also foster lymphocyte development. 
Th e activated CD8 cytotoxic T cells kill their targets directly, 
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FIGURE 36 Structure of human histocompatibility antigen 
HLA-A2. The antigen-binding pocket is at the top and is formed by 
the α1 and α2 parts of the molecule. The α3 portion and the associated 
β2-microglobulin (β2m) are close to the membrane. The extension of 
the C terminal from α 3 that provides the transmembrane domain 
and the small cytoplasmic portion of the molecule have been 
omitted. (Reproduced with permission from Bjorkman PJ, et al: Structure of the 
human histocompatibility antigen HLA-A2. Nature 1987;329:506.)
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FIGURE 37 Interaction between antigen-presenting cell 
(top) and αβ T lymphocyte (bottom). The MHC proteins (in this case, 
MHC-I) and their peptide antigen fragment bind to the α and β units 
that combine to form the T cell receptor.

whereas the activated CD4 helper T cells secrete cytokines that 
activate other lymphocytes. 

 Th e T cell receptors are surrounded by adhesion molecules 
and proteins that bind to complementary proteins in the APC 
when the two cells transiently join to form the “immunologic 
synapse” that permits T cell activation to occur ( Figure 3–7 ). 
It is now generally accepted that two signals are necessary to 
produce activation. One is produced by the binding of the 
digested antigen to the T cell receptor. Th e other is produced 
by the joining of the surrounding proteins in the “synapse.” 

Class II
MHCCD4

TCR

CD8

TCR

Class I
MHC

FIGURE 38 Diagrammatic summary of the structure of CD4 
and CD8, and their relation to MHC-I and MHC-II proteins. Note 
that CD4 is a single protein, whereas CD8 is a heterodimer.
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If the fi rst signal occurs but the second does not, the T cell is 
inactivated and becomes unresponsive. 

   B CELLS 
 As noted above, B cells can bind antigens directly, but they 
must contact helper T cells to produce full activation and anti-
body formation. It is the T H 2 subtype that is mainly involved. 
Helper T cells develop along the T H 2 lineage in response to 
IL-4 (see below). On the other hand, IL-12 promotes the T H 1 
phenotype. IL-2 acts in an autocrine fashion to cause activated 
T cells to proliferate. Th e role of various cytokines in B cell and 
T cell activation is summarized in  Figure 3–9 . 

 Th e activated B cells proliferate and transform into 
 memory B cells  (see above) and  plasma cells.  Th e plasma 
cells secrete large quantities of antibodies into the general cir-
culation. Th e antibodies circulate in the globulin fraction of 
the plasma and, like antibodies elsewhere, are called  immu-
noglobulins.  Th e immunoglobulins are actually the secreted 
form of antigen-binding receptors on the B cell membrane. 
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FIGURE 39 Summary of acquired immunity. (1) An antigen-
presenting cell ingests and partially digests an antigen, then presents 
part of the antigen along with MHC peptides (in this case, MHC II 
peptides on the cell surface). (2) An “immune synapse” forms with a 
naive CD4 T cell, which is activated to produce IL-2. (3) IL-2 acts in an 
auto-crine fashion to cause the cell to multiply, forming a clone. (4) 
The activated CD4 cell may promote B cell activation and production 
of plasma cells or it may activate a cytotoxic CD8 cell. The CD8 cell 
can also be activated by forming a synapse with an MCH I antigen-
presenting cell. (Reproduced with permission from McPhee SJ, Lingappa VR, 
Ganong WF [editors]: Pathophysiology of Disease, 6th ed. McGraw-Hill, 2010.)
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   IMMUNOGLOBULINS 
 Circulating antibodies protect their host by binding to and 
neutralizing some protein toxins, by blocking the attachment 
of some viruses and bacteria to cells, by opsonizing bacteria 
(see above), and by activating complement. Five general types 
of immunoglobulin antibodies are produced by plasma cells. 
Th e basic component of each is a symmetric unit containing 
four polypeptide chains ( Figure 3–10 ). Th e two long chains are 
called  heavy chains,  whereas the two short chains are called 
 light chains.  Th ere are two types of light chains, k and λ, and 
eight types of heavy chains. Th e chains are joined by disulfi de 
bridges that permit mobility, and there are intrachain disulfi de 
bridges as well. In addition, the heavy chains are fl exible in a 
region called the hinge. Each heavy chain has a variable (V) 
segment in which the amino acid sequence is highly variable, a 
diversity (D) segment in which the amino acid segment is also 
highly variable, a joining (J) segment in which the sequence is 
moderately variable, and a constant (C) segment in which the 
sequence is constant. Each light chain has a V, J, and C seg-
ment. Th e V segments form part of the antigen-binding sites 
(Fab portion of the molecule [ Figure 3–10 ]). Th e Fc portion of 
the molecule is the eff ector portion, which mediates the reac-
tions initiated by antibodies. 

 Two of the classes of immunoglobulins contain additional 
polypeptide components ( Table 3–3 ). In IgM, fi ve of the basic 
immunoglobulin units join around a polypeptide called the 
J chain to form a pentamer. In IgA, the  secretory immuno-
globulin,  the immunoglobulin units form dimers and trimers 
around a J chain and a polypeptide that comes from epithelial 
cells, the secretory component (SC). 
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 In the intestine, bacterial and viral antigens are taken up 
by M cells (see  Chapter 26 ) and passed on to underlying aggre-
gates of lymphoid tissue  (Peyer’s patches),  where they activate 
naive T cells. Th ese lymphocytes then form B cells that infi ltrate 
mucosa of the gastrointestinal, respiratory, genitourinary, and 
female reproductive tracts and the breast. Th ere they secrete 
large amounts of IgA when exposed again to the antigen that 
initially stimulated them. Th e epithelial cells produce the SC, 
which acts as a receptor for, and binds to, IgA. Th e resulting 
secretory immunoglobulin passes through the epithelial cell 
and is secreted by exocytosis. Th is system of  secretory immu-
nity  is an important and eff ective defense mechanism at all 
mucosal surfaces. It also accounts for the immune protection 
that is conferred by breast feeding of infants whose immune 
systems are otherwise immature, because IgA is secreted into 
the breast milk. 

   GENETIC BASIS OF DIVERSITY 
IN THE IMMUNE SYSTEM 
 Th e genetic mechanism for the production of the immensely 
large number of diff erent confi gurations of immunoglobulins 
produced by human B cells, as well as T cell receptors, is a fas-
cinating biologic problem. Diversity is brought about in part 
by the fact that in immunoglobulin molecules there are two 
kinds of light chains and eight kinds of heavy chains. As noted 
previously, there are areas of great variability  (hypervariable 
regions)  in each chain. Th e variable portion of the heavy 
chains consists of the V, D, and J segments. In the gene family 
responsible for this region, there are several hundred diff erent 
coding regions for the V segment, about 20 for the D segment, 
and four for the J segment. During B cell development, one V 
coding region, one D coding region, and one J coding region 
are selected at random and recombined to form the gene that 
produces that particular variable portion. A similar variable 
recombination takes place in the coding regions responsible for 
the two variable segments (V and J) in the light chain. In addi-
tion, the J segments are variable because the gene segments join 

in an imprecise and variable fashion (junctional site diversity) 
and nucleotides are sometimes added (junctional insertion 
diversity). It has been calculated that these mechanisms permit 
the production of about 10 15  diff erent immunoglobulin mol-
ecules. Additional variability is added by somatic mutation. 

 Similar gene rearrangement and joining mechanisms 
operate to produce the diversity in T cell receptors. In humans, 
the α subunit has a V region encoded by 1 of about 50 diff er-
ent genes and a J region encoded by 1 of another 50 diff erent 
genes. Th e β subunits have a V region encoded by 1 of about 
50 genes, a D region encoded by 1 of 2 genes, and a J region 
encoded by 1 of 13 genes. Th ese variable regions permit the 
generation of up to an estimated 10 15  diff erent T cell receptors 
(Clinical  Box 3–3  and Clinical  Box 3–4 ). 

 A variety of immunodefi ciency states can arise from 
defects in these various stages of B and T lymphocyte matura-
tion. Th ese are summarized in  Figure 3–11 . 

    PLATELETS 
 Platelets are circulating cells that are important mediators 
of hemostasis. While not immune cells, per se, they oft en 
participate in the response to tissue injury in cooperation 
with infl ammatory cell types (see below). Th ey have a ring 
of microtubules around their periphery and an extensively 
invaginated membrane with an intricate canalicular system in 
contact with the ECF. Th eir membranes contain receptors for 
collagen, ADP, vessel wall von Willebrand factor (see below), 
and fi brinogen. Th eir cytoplasm contains actin, myosin, glyco-
gen, lysosomes, and two types of granules: (1) dense granules, 
which contain the nonprotein substances that are secreted in 
response to platelet activation, including serotonin, ADP, and 
other adenine nucleotides; and (2) α-granules, which contain 
secreted proteins. Th ese proteins include clotting factors and 
 platelet-derived growth factor (PDGF).  PDGF is also pro-
duced by macrophages and endothelial cells. It is a dimer 
made up of A and B subunit polypeptides. Homodimers 
(AA and BB), as well as the heterodimer (AB), are produced. 

TABLE 33 Human immunoglobulins.a

Immunoglobulin Function Heavy Chain
Additional 
Chain Structure

Plasma 
Concentration 
(mg/dL)

IgG Complement activation γ1, γ2, γ3, γ4 Monomer 1000

IgA Localized protection in external 
secretions (tears, intestinal 
secretions, etc)

α1, α2 J, SC Monomer; dimer with J 
or SC chain; trimer with J 
chain

200

IgM Complement activation μ J Pentamer with J chain 120

IgD Antigen recognition by B cells Δ Monomer 3

IgE Reagin activity; releases histamine 
from basophils and mast cells

ε Monomer 0.05

aIn all instances, the light chains are k or γ.
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PDGF stimulates wound healing and is a potent mitogen for 
vascular smooth muscle. Blood vessel walls as well as plate-
lets contain von Willebrand factor, which, in addition to its 
role in adhesion, regulates circulating levels of factor VIII 
(see below). 

 When a blood vessel wall is injured, platelets adhere to the 
exposed collagen and  von Willebrand factor  in the wall via 
receptors on the platelet membrane. Von Willebrand factor is 
a very large circulating molecule that is produced by endothe-
lial cells. Binding produces platelet activations, which release 
the contents of their granules. Th e released ADP acts on the 
ADP receptors in the platelet membranes to produce further 

CLINICAL BOX 3–3

Autoimmunity
Sometimes the processes that eliminate antibodies against 
self-antigens fail and a variety of diff erent autoimmune dis-
eases are produced. These can be B cell- or T cell-mediated 
and can be organ-specifi c or systemic. They include type 1 
diabetes mellitus (antibodies against pancreatic islet B cells), 
myasthenia gravis (antibodies against nicotinic cholinergic 
receptors), and multiple sclerosis (antibodies against myelin 
basic protein and several other components of myelin). In 
some instances, the antibodies are against receptors and 
are capable of activating those receptors; for example, an-
tibodies against TSH receptors increase thyroid activity and 
cause Graves’ disease (see Chapter 19). Other conditions are 
due to the production of antibodies against invading organ-
isms that cross-react with normal body constituents (mo-
lecular mimicry). An example is rheumatic fever following 
a streptococcal infection; a portion of cardiac myosin resem-
bles a portion of the streptococcal M protein, and antibod-
ies induced by the latter attack the former and damage the 
heart. Some conditions may be due to bystander eff ects, in 
which infl ammation sensitizes T cells in the neighborhood, 
causing them to become activated when otherwise they 
would not respond.

THERAPEUTIC HIGHLIGHTS

The therapy of autoimmune disorders rests on eff orts 
to replace or restore the damaged function (eg, provi-
sion of exogenous insulin in type 1 diabetes) as well 
as nonspecifi c eff orts to reduce infl ammation (using 
corticosteroids) or to suppress immunity. Recently, 
agents that deplete or dampen the function of B cells 
have been shown to have some effi  cacy in a range of 
autoimmune disorders, including rheumatoid arthri-
tis, most likely by interrupting the production of au-
toantibodies that contribute to disease pathogenesis.

accumulation of more platelets  (platelet aggregation).  Humans 
have at least three diff erent types of platelet ADP receptors: 
P2Y 1 , P2Y 2 , and P2X 1 . Th ese are obviously attractive targets 
for drug development, and several new inhibitors have shown 

CLINICAL BOX 3–4

Tissue Transplantation
The T lymphocyte system is responsible for the rejection of 
transplanted tissue. When tissues such as skin and kidneys 
are transplanted from a donor to a recipient of the same 
species, the transplants “take” and function for a while but 
then become necrotic and are “rejected” because the recipi-
ent develops an immune response to the transplanted tis-
sue. This is generally true even if the donor and recipient are 
close relatives, and the only transplants that are never re-
jected are those from an identical twin. Nevertheless, organ 
transplantation remains the only viable option in a number 
of end stage diseases.

THERAPEUTIC HIGHLIGHTS

A number of treatments have been developed to over-
come the rejection of transplanted organs in humans. 
The goal of treatment is to stop rejection without leav-
ing the patient vulnerable to massive infections. One 
approach is to kill T lymphocytes by killing all rapidly 
dividing cells with drugs such as azathioprine, a purine 
antimetabolite, but this makes patients susceptible to 
infections and cancer. Another is to administer gluco-
corticoids, which inhibit cytotoxic T cell proliferation 
by inhibiting production of IL-2, but these cause os-
teoporosis, mental changes, and the other facets of 
Cushing syndrome (see Chapter 20). More recently, 
immunosuppressive drugs such as cyclosporine or 
tacrolimus (FK-506) have found favor. Activation 
of the T cell receptor normally increases intracellular 
Ca2+, which acts via calmodulin to activate calcineurin. 
Calcineurin dephosphorylates the transcription factor 
NF-AT, which moves to the nucleus and increases the 
activity of genes coding for IL-2 and related stimula-
tory cytokines. Cyclosporine and tacrolimus prevent 
the dephosphorylation of NF-AT. However, these 
drugs inhibit all T cell-mediated immune responses, 
and cyclosporine causes kidney damage and cancer. 
A new and promising approach to transplant rejection 
is the production of T cell unresponsiveness by using 
drugs that block the costimulation that is required for 
normal activation (see text). Clinically eff ective drugs 
that act in this fashion could be of great value to trans-
plant surgeons.
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promise in the prevention of heart attacks and strokes. Aggre-
gation is also fostered by  platelet-activating factor (PAF),  
a cytokine secreted by neutrophils and monocytes as well as 
platelets. Th is compound also has infl ammatory activity. It is an 
ether phospholipid, 1-alkyl-2-acetylglyceryl-3-phosphorylcho-
line, which is produced from membrane lipids. It acts via a G 
protein-coupled receptor to increase the production of arachi-
donic acid derivatives, including thromboxane A 2 . Th e role of 
this compound in the balance between clotting and anticlotting 
activity at the site of vascular injury is discussed in  Chapter 31 . 

 Platelet production is regulated by the CSFs that control 
the production of the platelet precursors in the bone marrow, 
known as megakaryocytes, plus  thrombopoietin,  a circulat-
ing protein factor. Th is factor, which facilitates megakaryo-
cyte maturation, is produced constitutively by the liver and 
kidneys, and there are thrombopoietin receptors on platelets. 
Consequently, when the number of platelets is low, less is 
bound and more is available to stimulate production of plate-
lets. Conversely, when the number of platelets is high, more is 
bound and less is available, producing a form of feedback con-
trol of platelet production. Th e amino terminal portion of the 
thrombopoietin molecule has the platelet-stimulating activity, 
whereas the carboxyl terminal portion contains many carbo-
hydrate residues and is concerned with the bioavailability of 
the molecule. 

 When the platelet count is low, clot retraction is 
defi cient and there is poor constriction of ruptured ves-
sels. Th e resulting clinical syndrome  (thrombocytopenic 
purpura)  is characterized by easy bruisability and multiple 
subcutaneous hemorrhages. Purpura may also occur when 
the platelet count is normal, and in some of these cases, the 
circulating platelets are abnormal  (thrombasthenic pur-
pura).  Individuals with thrombocytosis are predisposed to 
thrombotic events. 

   INFLAMMATION & 
WOUND HEALING 

  LOCAL INJURY 
 Infl ammation is a complex localized response to foreign sub-
stances such as bacteria or in some instances to internally pro-
duced substances. It includes a sequence of reactions initially 
involving cytokines, neutrophils, adhesion molecules, comple-
ment, and IgG. PAF, an agent with potent infl ammatory eff ects, 
also plays a role. Later, monocytes and lymphocytes are involved. 
Arterioles in the infl amed area dilate, and capillary permeability 
is increased (see Chapters 32 and 33). When the infl ammation 
occurs in or just under the skin ( Figure 3–12 ), it is characterized 
by redness, swelling, tenderness, and pain. Elsewhere, it is a key 
component of asthma, ulcerative colitis, Crohn’s disease, rheu-
matoid arthritis, and many other diseases (Clinical  Box 3–2 ). 

 Evidence is accumulating that a transcription fac-
tor,  nuclear factor-κB,  plays a key role in the infl ammatory 
response. NF-κB is a heterodimer that normally exists in the 
cytoplasm of cells bound to IκBα, which renders it inactive. 
Stimuli such as cytokines, viruses, and oxidants induce sig-
nals that allow NF-κB to dissociate from IκBα, which is then 
degraded. NF-κB moves to the nucleus, where it binds to the 
DNA of the genes for numerous infl ammatory mediators, 
resulting in their increased production and secretion. Gluco-
corticoids inhibit the activation of NF-κB by increasing the 
production of IκBα, and this is probably the main basis of their 
anti-infl ammatory action (see  Chapter 20 ). 

   SYSTEMIC RESPONSE TO INJURY 
 Cytokines produced in response to infl ammation and other 
injuries, as well as disseminated infection, also produce 
systemic responses. Th ese include alterations in plasma  acute 
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phase proteins,  defi ned as proteins whose concentration is 
increased or decreased by at least 25% following injury. Many 
of the proteins are of hepatic origin. A number of them are 
shown in  Figure 3–13 . Th e causes of the changes in concentra-
tion are incompletely understood, but it can be said that many 
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showing the multiple cytokines and growth factors aff ecting the 
repair process. VEGF, vascular endothelial growth factor. For other 
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of the changes make homeostatic sense. Th us, for example, an 
increase in C-reactive protein activates monocytes and causes 
further production of cytokines. Other changes that occur in 
response to injury include somnolence, negative nitrogen bal-
ance, and fever. 

   WOUND HEALING 
 When tissue is damaged, platelets adhere to exposed matrix 
via integrins that bind to collagen and laminin ( Fig ure 3–12 ). 
Blood coagulation produces thrombin, which promotes 
platelet aggregation and granule release. Th e platelet gran-
ules generate an infl ammatory response. White blood cells 
are attracted by selectins and bind to integrins on endothe-
lial cells, leading to their extravasation through the blood 
vessel walls. Cytokines released by the white blood cells 
and platelets up-regulate integrins on macrophages, which 
migrate to the area of injury, and on fi broblasts and epi-
thelial cells, which mediate wound healing and scar for-
mation. Plasmin aids healing by removing excess fi brin. 
Th is aids the migration of keratinocytes into the wound to 
restore the epithelium under the scab. Collagensynthesis is 
up regulated, producing the scar. Wounds gain 20% of their 
ultimate strength in 3 weeks and later gain more strength, 
but they never reach more than about 70% of the strength 
of normal skin. 

    CHAPTER SUMMARY 
  Immune and infl ammatory responses are mediated by several  ■

diff erent cell types—granulocytes, lymphocytes, monocytes, 
mast cells, tissue macrophages, and antigen-presenting 
cells—that arise predominantly from the bone marrow and 
may circulate or reside in connective tissues. 
 Granulocytes mount phagocytic responses that engulf and  ■

destroy bacteria. Th ese are accompanied by the release of 
reactive oxygen species and other mediators into adjacent 
tissues that may cause tissue injury. 
 Mast cells and basophils underpin allergic reactions to  ■

substances that would be treated as innocuous by nonallergic 
individuals. 
 A variety of soluble mediators orchestrate the development of  ■

immunologic eff ector cells and their subsequent immune and 
infl ammatory reactions. 
 Innate immunity represents an evolutionarily conserved,  ■

primitive response to stereotypical microbial components. 
 Acquired immunity is slower to develop than innate immunity,  ■

but long-lasting and more eff ective. 
 Genetic rearrangements endow B and T lymphocytes with a  ■

vast array of receptors capable of recognizing billions of foreign 
antigens. 
 Self-reactive lymphocytes are normally deleted; a failure of this  ■

process leads to autoimmune disease. Disease can also result 
from abnormal function or development of granulocytes and 
lymphocytes. In these latter cases, defi cient immune responses 
to microbial threats usually result. 
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 Infl ammatory responses occur in response to infection or  ■

injury, and serve to resolve the threat, although they may cause 
damage to otherwise healthy tissue. A number of chronic 
diseases refl ect excessive infl ammatory responses that persist 
even once the threat is controlled, or are triggered by stimuli 
that healthy individuals would not respond to. 

    MULTIPLECHOICE QUESTIONS 
  For all questions, select the single best answer unless otherwise directed.  
 1.    In an experiment, a scientist treats a group of mice with an 

antiserum that substantially depletes the number of circulating 
neutrophils. Compared with untreated control animals, the 
mice with reduced numbers of neutrophils were found to be 
signifi cantly more susceptible to death induced by bacterial 
inoculation. Th e increased mortality can be ascribed to a 
relative defi cit in which of the following?

    Acquired immunity  A. 
  Oxidants  B. 
  Platelets  C. 
  Granulocyte/macrophage colony stimulating factor (GM-CSF)  D. 
  Integrins  E. 

 2.       A 20-year-old college student comes to the student health 
center in April complaining of runny nose and congestion, itchy 
eyes, and wheezing. She reports that similar symptoms have 
occurred at the same time each year, and that she obtains some 
relief from over-the-counter antihistamine drugs, although they 
make her too drowsy to study. Her symptoms can most likely be 
attributed to inappropriate synthesis of which of the following 
antibodies specifi c for tree pollen?

    IgA  A. 
  IgD  B. 
  IgE  C. 
  IgG  D. 
  IgM  E. 

 3.       If a nasal biopsy were performed on the patient described in 
Question 2 while symptomatic, histologic examination of the 
tissue would most likely reveal degranulation of which of the 
following cell types?

    Dendritic cells  A. 
  Lymphocytes  B. 
  Neutrophils  C. 
  Monocytes  D. 
  Mast cells  E. 

 4.       A biotechnology company is working to design a new therapeutic 
strategy for cancer that involves triggering an enhanced immune 
response to cellular proteins that are mutated in the disease. 
Which of the following immune cells or processes will most likely 
 not  be required for a successful therapy?

    Cytotoxic T cells  A. 
  Antigen presentation in the context of MHC-II  B. 

  Proteosomal degradation  C. 
  Gene rearrangements producing T cell receptors  D. 
  Th e immune synapse  E. 

 5.       Th e ability of the blood to phagocytose pathogens and mount a 
respiratory burst is increased by

    interleukin-2 (IL-2)  A. 
  granulocyte colony-stimulating factor (G-CSF)  B. 
  erythropoietin  C. 
  interleukin-4 (IL-4)  D. 
  interleukin-5 (IL-5)  E. 

 6.       Cells responsible for innate immunity are activated most 
commonly by

    glucocorticoids  A. 
  pollen  B. 
  carbohydrate sequences in bacterial cell walls  C. 
  eosinophils  D. 
  thrombopoietin  E. 

 7.       A patient suff ering from an acute fl are in his rheumatoid 
arthritis undergoes a procedure where fl uid is removed from 
his swollen and infl amed knee joint. Biochemical analysis 
of the infl ammatory cells recovered from the removed fl uid 
would most likely reveal a decrease in which of the following 
proteins?

    Interleukin 1  A. 
  Tumor necrosis factor-α  B. 
  Nuclear factor-κB  C. 
  IκBα  D. 
  von Willbrand factor  E. 
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  O B J E C T I V E S 

  After studying this chapter, 
you should be able to:  

  Name the various types of glia and their functions.  ■

 Name the parts of a neuron and their functions.  ■

 Describe the chemical nature of myelin, and summarize the diff erences in the  ■

ways in which unmyelinated and myelinated neurons conduct impulses. 
 Describe orthograde and retrograde axonal transport.  ■

 Describe the changes in ionic channels that underlie the action potential.  ■

 List the various nerve fi ber types found in the mammalian nervous system.  ■

 Describe the function of neurotrophins.  ■

 Excitable Tissue: Nerve 

    INTRODUCTION 
 Th e human central nervous system (CNS) contains about 10 11  
(100 billion)  neurons.  It also contains 10–50 times this number 
of  glial cells.  Th e CNS is a complex organ; it has been calculated 
that 40% of the human genes participate, at least to a degree, 
in its formation. Th e neurons, the basic building blocks of the 
nervous system, have evolved from primitive neuroeff ector cells 
that respond to various stimuli by contracting. In more complex 
animals, contraction has become the specialized function of 
muscle cells, whereas integration and transmission of nerve 
impulses have become the specialized functions of neurons. 
Neurons and glial cells along with brain capillaries form a 

functional unit that is required for normal brain function, 
including synaptic activity, extracellular fl uid homeostasis, 
energy metabolism, and neural protection. Disturbances in 
the interaction of these elements are the pathophysiological 
basis for many neurological disorders (eg, cerebral ischemia, 
seizures, neurodegenerative diseases, and cerebral edema). 
Th is chapter describes the cellular components of the CNS 
and the excitability of neurons, which involves the genesis of 
electrical signals that enable neurons to integrate and transmit 
impulses (eg, action potentials, receptor potentials, and synaptic 
potentials). 

   CELLULAR ELEMENTS IN THE CNS 

  GLIAL CELLS 
 For many years following their discovery, glial cells (or glia) 
were viewed as CNS connective tissue. In fact, the word  glia  is 
Greek for  glue.  However, today theses cells are recognized for 
their role in communication within the CNS in partnership 
with neurons. Unlike neurons, glial cells continue to undergo 
cell division in adulthood and their ability to proliferate is par-
ticularly noticeable aft er brain injury (eg, stroke). 

 Th ere are two major types of glial cells in the vertebrate 
nervous system:  microglia  and  macroglia . Microglia are 

scavenger cells that resemble tissue macrophages and remove 
debris resulting from injury, infection, and disease (eg, mul-
tiple sclerosis, AIDS-related dementia, Parkinson disease, and 
Alzheimer disease). Microglia arise from macrophages outside 
of the nervous system and are physiologically and embryologi-
cally unrelated to other neural cell types. 

 Th ere are three types of macroglia: oligodendrocytes, 
Schwann cells, and astrocytes ( Figure 4–1 ).  Oligodendrocytes
and  Schwann cells  are involved in myelin formation around 
axons in the CNS and peripheral nervous system, respec-
tively.  Astrocytes,  which are found throughout the brain, are 
of two subtypes.  Fibrous astrocytes,  which contain many 
intermediate fi laments, are found primarily in white matter. 

4
C H A P T E R
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84 SECTION I Cellular and Molecular Basis for Medical Physiology

 Protoplasmic astrocytes  are found in gray matter and have a 
granular cytoplasm. Both types send processes to blood ves-
sels, where they induce capillaries to form the tight junctions 
making up the  blood–brain barrier.  Th ey also send processes 
that envelop synapses and the surface of nerve cells. Proto-
plasmic astrocytes have a membrane potential that varies with 
the external K +  concentration but do not generate propagated 
potentials. Th ey produce substances that are tropic to neurons, 
and they help maintain the appropriate concentration of ions 
and neurotransmitters by taking up K +  and the neurotransmit-
ters glutamate and γ-aminobutyrate (GABA).   

  NEURONS 
 Neurons in the mammalian CNS come in many diff erent shapes 
and sizes. Most have the same parts as the typical spinal motor 
neuron illustrated in  Figure 4–2 . Th e cell body  (soma)  contains 
the nucleus and is the metabolic center of the neuron. Neurons 
have several processes called  dendrites  that extend outward 
from the cell body and arborize extensively. Particularly in the 
cerebral and cerebellar cortex, the dendrites have small knobby 
projections called  dendritic spines.  A typical neuron also has 
a long fi brous  axon  that originates from a somewhat thick-
ened area of the cell body, the  axon hillock.  Th e fi rst portion 
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 FIGURE 41     The principal types of macroglia in the nervous 
system.  A) Oligodendrocytes are small with relatively few processes. 
Those in the white matter provide myelin, and those in the gray 
matter support neurons. B) Schwann cells provide myelin to the 
peripheral nervous system. Each cell forms a segment of myelin 
sheath about 1 mm long; the sheath assumes its form as the inner 
tongue of the Schwann cell turns around the axon several times, 

wrapping in concentric layers. Intervals between segments of myelin 
are the nodes of Ranvier. C) Astrocytes are the most common glia in 
the CNS and are characterized by their starlike shape. They contact 
both capillaries and neurons and are thought to have a nutritive 
function. They are also involved in forming the blood–brain barrier. 
(From Kandel ER, Schwartz JH, Jessell TM (editors):  Principles of Neural Science,  4th ed. 
McGraw-Hill, 2000.)  
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 FIGURE 42     Motor neuron with a myelinated axon.  A motor 
neuron is comprised of a cell body (soma) with a nucleus, several 
processes called dendrites, and a long fi brous axon that originates 
from the axon hillock. The fi rst portion of the axon is called the initial 

segment. A myelin sheath forms from Schwann cells and surrounds 
the axon except at its ending and at the nodes of Ranvier. Terminal 
buttons (boutons) are located at the terminal endings.  
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CHAPTER 4 Excitable Tissue: Nerve 85

of the axon is called the  initial segment.  Th e axon divides into 
 presynaptic terminals,  each ending in a number of  synaptic 
knobs  which are also called  terminal buttons  or  boutons.  
Th ey contain granules or vesicles in which the synaptic trans-
mitters secreted by the nerves are stored. Based on the number 
of processes that emanate from their cell body, neurons can be 
classifi ed as  unipolar ,  bipolar , and  multipolar  ( Figure 4–3 ). 

   Th e conventional terminology used for the parts of a neu-
ron works well enough for spinal motor neurons and interneu-
rons, but there are problems in terms of “dendrites” and “axons” 
when it is applied to other types of neurons found in the ner-
vous system. From a functional point of view, neurons gener-
ally have four important zones: (1) a receptor, or dendritic zone, 
where multiple local potential changes generated by synaptic 
connections are integrated; (2) a site where propagated action 

potentials are generated (the initial segment in spinal motor 
neurons, the initial node of Ranvier in cutaneous sensory neu-
rons); (3) an axonal process that transmits propagated impulses 
to the nerve endings; and (4) the nerve endings, where action 
potentials cause the release of synaptic transmitters. Th e cell 
body is oft en located at the dendritic zone end of the axon, but 
it can be within the axon (eg, auditory neurons) or attached to 
the side of the axon (eg, cutaneous neurons). Its location makes 
no diff erence as far as the receptor function of the dendritic 
zone and the transmission function of the axon are concerned. 

 Th e axons of many neurons are myelinated, that is, they 
acquire a sheath of  myelin,  a protein–lipid complex that is 
wrapped around the axon ( Figure 4–1B ). In the peripheral 
nervous system, myelin forms when a Schwann cell wraps its 
membrane around an axon up to 100 times  . Th e myelin is then 
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 FIGURE 43     Some of the types of neurons in the mammalian 
nervous system.  A) Unipolar neurons have one process, with 
diff erent segments serving as receptive surfaces and releasing 
terminals. B) Bipolar neurons have two specialized processes: 
a dendrite that carries information to the cell and an axon that 
transmits information from the cell. C) Some sensory neurons are 
in a subclass of bipolar cells called pseudo-unipolar cells. As the cell 

develops, a single process splits into two, both of which function as 
axons—one going to skin or muscle and another to the spinal cord. 
D) Multipolar cells have one axon and many dendrites. Examples 
include motor neurons, hippocampal pyramidal cells with dendrites 
in the apex and base, and cerebellar Purkinje cells with an extensive 
dendritic tree in a single plane. (From Kandel ER, Schwartz JH, Jessell TM 
(editors):  Principles of Neural Science,  4th ed. McGraw-Hill, 2000.)  
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86 SECTION I Cellular and Molecular Basis for Medical Physiology

compacted when the extracellular portions of a membrane 
protein called protein zero (P 0 ) lock to the extracellular por-
tions of P 0  in the apposing membrane. Various mutations in the 
gene for P 0  cause peripheral neuropathies; 29 diff erent muta-
tions have been described that cause symptoms ranging from 
mild to severe. Th e myelin sheath envelops the axon except at 
its ending and at the  nodes of Ranvier,  periodic 1-μm con-
strictions that are about 1 mm apart ( Figure 4–2 ). Th e insulat-
ing function of myelin is discussed later in this chapter. Not 
all neurons are myelinated; some are  unmyelinated,  that is, 
simply surrounded by Schwann cells without the wrapping of 
the Schwann cell membrane that produces myelin around the 
axon. 

 In the CNS of mammals, most neurons are myelinated, 
but the cells that form the myelin are oligodendrocytes rather 
than Schwann cells ( Figure 4–1 ). Unlike the Schwann cell, 

which forms the myelin between two nodes of Ranvier on a 
single neuron, oligodendrocytes emit multiple processes that 
form myelin on many neighboring axons. In multiple scle-
rosis, a crippling autoimmune disease, patchy destruction of 
myelin occurs in the CNS (see Clinical Box 4–1). Th e loss of 
myelin is associated with delayed or blocked conduction in the 
demyelinated axons. 

     AXONAL TRANSPORT 
 Neurons are secretory cells, but they diff er from other secre-
tory cells in that the secretory zone is generally at the end of the 
axon, far removed from the cell body. Th e apparatus for protein 
synthesis is located for the most part in the cell body, with 
transport of proteins and polypeptides to the axonal ending by 

 CLINICAL BOX 4–1 

  Demyelinating Diseases  
 Normal conduction of action potentials relies on the insulating 
properties of  myelin . Thus, defects in myelin can have major 
adverse neurological consequences. One example is  multiple 
sclerosis (MS) , an autoimmune disease that aff ects over 3 mil-
lion people worldwide, usually striking between the ages of 
20 and 50 and aff ecting women about twice as often as men. 
The cause of MS appears to include both genetic and environ-
mental factors. It is most common among Caucasians living in 
countries with temperate climates including Europe, southern 
Canada, northern United States, and southeastern Australia. En-
vironmental triggers include early exposure to viruses such as 
Epstein-Barr virus and those that cause measles, herpes, chick-
en pox, or infl uenza. In MS, antibodies and white blood cells in 
the immune system attack myelin, causing infl ammation and 
injury to the sheath and eventually the nerves that it surrounds. 
Loss of myelin leads to leakage of K +  through voltage-gated 
channels, hyperpolarization, and failure to conduct action 
potentials. Initial presentation commonly includes reports of 
 paraparesis  (weakness in lower extremities) that may be ac-
companied by mild spasticity and hyperrefl exia;  paresthesia ; 
numbness; urinary incontinence; and heat intolerance. Clini-
cal assessment often reports  optic neuritis , characterized by 
blurred vision, a change in color perception, visual fi eld defect 
( central scotoma ), and pain with eye movements;  dysarthria ; 
and  dysphagia . Symptoms are often exacerbated by increased 
body temperature or ambient temperature. Progression of 
the disease is quite variable. In the most common form called 
 relapsing-remitting MS , transient episodes appear suddenly, 
last a few weeks or months, and then gradually disappear. Sub-
sequent episodes can appear years later, and eventually full re-
covery does not occur. Many of these individuals later develop 
a steadily worsening course with only minor periods of remis-
sion ( secondary-progressive MS ). Others have a progressive 

form of the disease in which there are no periods of remission 
( primary-progressive MS ). Diagnosing MS is very diffi  cult and 
generally is delayed until multiple episodes occur with defi cits 
separated in time and space.  Nerve conduction tests  can de-
tect slowed conduction in motor and sensory pathways. Cere-
bral spinal fl uid analysis can detect the presence of  oligoclo-
nal  bands indicative of an abnormal immune reaction against 
myelin. The most defi nitive assessment is  magnetic resonance 
imaging (MRI)  to visualize multiple scarred (sclerotic) areas or 
plaques in the brain. These plaques often appear in the periven-
tricular regions of the cerebral hemispheres. 

  THERAPEUTIC HIGHLIGHTS  

 Although there is no cure for MS,  corticosteroids  (eg, 
 prednisone ) are the most common treatment used to 
reduce the infl ammation that is accentuated during a 
relapse. Some drug treatments are designed to modify 
the course of the disease. For example, daily injections of 
 β-interferons  suppress the immune response to reduce 
the severity and slow the progression of the disease. 
 Glatiramer   acetate  may block the immune system’s at-
tack on the myelin.  Natalizumab  interferes with the abil-
ity of potentially damaging immune cells to move from 
the bloodstream to the CNS. A recent clinical trial using 
B cell–depleting therapy with  rituximab,  an anti-CD20 
monoclonal antibody, showed that the progression of 
the disease was slowed in patients under the age of 51 
who were diagnosed with the primary-progressive form 
of MS. Another recent clinical trial has shown that oral ad-
ministration of  fi ngolimod  slowed the progression of the 
relapsing-remitting form of MS. This immunosuppressive 
drug acts by sequestering lymphocytes in the lymph 
nodes, thereby limiting their access to the CNS. 
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 axoplasmic fl ow.  Th us, the cell body maintains the functional 
and anatomic integrity of the axon; if the axon is cut, the part 
distal to the cut degenerates  (wallerian degeneration).  

  Orthograde transport  occurs along microtubules that 
run along the length of the axon and requires two molecular 
motors, dynein and kinesin ( Figure 4–4 ). Orthograde trans-
port moves from the cell body toward the axon terminals. It has 
both fast and slow components;  fast axonal transport  occurs 
at about 400 mm/day, and  slow axonal transport  occurs at 0.5 
to 10 mm/day.  Retrograde transport,  which is in the oppo-
site direction (from the nerve ending to the cell body), occurs 
along microtubules at about 200 mm/day. Synaptic vesicles 
recycle in the membrane, but some used vesicles are carried 
back to the cell body and deposited in lysosomes. Some mate-
rials taken up at the ending by endocytosis, including  nerve 
growth factor (NGF)  and some viruses, are also transported 
back to the cell body. A potentially important exception to 
these principles seems to occur in some dendrites. In them, 
single strands of mRNA transported from the cell body make 
contact with appropriate ribosomes, and protein synthesis 
appears to create local protein domains. 

    EXCITATION & CONDUCTION 
 A hallmark of nerve cells is their excitable membrane. Nerve 
cells respond to electrical, chemical, or mechanical stimuli. 
Two types of physicochemical disturbances are produced: local, 
nonpropagated potentials called, depending on their location, 

 synaptic, generator,  or  electrotonic potentials;  and propa-
gated potentials, the  action potentials  (or  nerve impulses ). 
Action potentials are the primary electrical responses of neu-
rons and other excitable tissues, and they are the main form 
of communication within the nervous system. Th ey are due to 
changes in the conduction of ions across the cell membrane. 
Th e electrical events in neurons are rapid, being measured in 
 milliseconds (ms) ; and the potential changes are small, being 
measured in  millivolts (mV).  

 Th e impulse is normally transmitted  (conducted)  along 
the axon to its termination. Nerves are not “telephone wires” 
that transmit impulses passively; conduction of nerve impulses, 
although rapid, is much slower than that of electricity. Nerve 
tissue is in fact a relatively poor passive conductor, and it would 
take a potential of many volts to produce a signal of a fraction 
of a volt at the other end of a meter-long axon in the absence of 
active processes in the nerve. Instead, conduction is an active, 
self-propagating process, and the impulse moves along the 
nerve at a constant amplitude and velocity. Th e process is oft en 
compared to what happens when a match is applied to one 
end of a trail of gunpowder; by igniting the powder particles 
immediately in front of it, the fl ame moves steadily down the 
trail to its end as it is extinguished in its wake. 

   RESTING MEMBRANE POTENTIAL 
 When two electrodes are connected through a suitable ampli-
fi er and placed on the surface of a single axon, no potential 
diff erence is observed. However, if one electrode is inserted 

  

 FIGURE 44     Axonal transport along microtubules by dynein 
and kinesin.  Fast (400 mm/day) and slow (0.5–10 mm/day) axonal 
orthograde transport occurs along microtubules that run along the 

length of the axon from the cell body to the terminal. Retrograde 
transport (200 mm/day) occurs from the terminal to the cell body. 
(From Widmaier EP, Raff  H, Strang KT:  Vander’s Human Physiology.  McGraw-Hill, 2008.)  
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88 SECTION I Cellular and Molecular Basis for Medical Physiology

into the interior of the cell, a constant  potential diff erence  
is observed, with the inside negative relative to the outside 
of the cell at rest. A membrane potential results from separa-
tion of positive and negative charges across the cell membrane 
( Figure 4–5 ). 

  In order for a potential diff erence to be present across a 
membrane lipid bilayer, two conditions must be met. First, 
there must be an unequal distribution of ions of one or more 
species across the membrane (ie, a concentration gradient). 
Second, the membrane must be permeable to one or more of 
these ion species. Th e permeability is provided by the exis-
tence of channels or pores in the bilayer; these channels are 
usually permeable to a single species of ions. Th e resting mem-
brane potential represents an equilibrium situation at which 
the driving force for the membrane-permeant ions down their 
concentration gradients across the membrane is equal and 
opposite to the driving force for these ions down their electri-
cal gradients. 

 In neurons, the concentration of K +  is much higher inside 
than outside the cell, while the reverse is the case for Na + . 
Th is concentration diff erence is established by Na  , K   ATPase. 
Th e outward K +  concentration gradient results in passive 
movement of K +  out of the cell when K + -selective channels are 
open. Similarly, the inward Na +  concentration gradient results 
in passive movement of Na +  into the cell when Na + -selective 
channels are open. 

 In neurons, the  resting membrane potential  is usually 
about –70 mV, which is close to the equilibrium potential for 
K +  (step 1 in  Figure 4–6 ). Because there are more open K +  
channels than Na +  channels at rest, the membrane permeabil-
ity to K +  is greater. Consequently, the intracellular and extra-
cellular K +  concentrations are the prime determinants of the 
resting membrane potential, which is therefore close to the 
equilibrium potential for K + . Steady ion leaks cannot continue 
forever without eventually dissipating the ion gradients. Th is 

is prevented by the Na  , K   ATPase, which actively moves Na +  
and K +  against their electrochemical gradients. 

    IONIC FLUXES DURING 
THE ACTION POTENTIAL 
 Th e cell membranes of nerves, like those of other cells, con-
tain many diff erent types of ion channels. Some of these are 
voltage-gated and others are ligand-gated. It is the behavior of 
these channels, and particularly Na +  and K +  channels, which 
explains the electrical events in neurons. 

 Th e changes in membrane conductance of Na +  and K +  
that occur during the action potentials are shown by steps 1 
through 7 in  Figure 4–6 . Th e conductance of an ion is the recip-
rocal of its electrical resistance in the membrane and is a mea-
sure of the membrane permeability to that ion. In response to 
a depolarizing stimulus, some of the voltage-gated Na +  chan-
nels open and Na +  enters the cell and the membrane is brought 
to its  threshold potential  (step 2) and the voltage-gated Na +  
channels overwhelm the K +  and other channels. Th e entry of 
Na +  causes the opening of more voltage-gated Na +  channels 
and further depolarization, setting up a  positive feedback 
loop . Th e rapid upstroke in the membrane potential ensues 
(step 3). Th e membrane potential moves toward the equilib-
rium potential for Na +  (+60 mV) but does not reach it during 
the action potential (step 4), primarily because the increase 
in Na +  conductance is short-lived. Th e Na +  channels rapidly 
enter a closed state called the  inactivated state  and remain in 
this state for a few milliseconds before returning to the resting 
state, when they again can be activated. In addition, the direc-
tion of the electrical gradient for Na +  is reversed during the 
 overshoot  because the membrane potential is reversed, and 
this limits Na +  infl ux; also the voltage-gated K +  channels open. 
Th ese factors contribute to  repolarization.  Th e opening of 
voltage-gated K +  channels is slower and more prolonged than 
the opening of the Na +  channels, and consequently, much of 
the increase in K +  conductance comes aft er the increase in Na +  
conductance (step 5). Th e net movement of positive charge 
out of the cell due to K +  effl  ux at this time helps complete the 
process of repolarization. Th e slow return of the K +  channels 
to the closed state also explains the  aft er-hyperpolarization  
(step 6), followed by a return to the resting membrane poten-
tial (step 7). Th us, voltage-gated K +  channels bring the action 
potential to an end and cause closure of their gates through a 
 negative feedback process.   Figure 4–7  shows the sequential 
feedback control in voltage-gated K +  and Na +  channels during 
the action potential. 

  Decreasing the external Na +  concentration reduces the 
size of the action potential but has little eff ect on the resting 
membrane potential. Th e lack of much eff ect on the resting 
membrane potential would be predicted, since the permeabil-
ity of the membrane to Na +  at rest is relatively low. In contrast, 
since the resting membrane potential is close to the equilib-
rium potential for K + , changes in the changes in the external 
concentration of this ion can have major eff ects on the rest-
ing membrane potential. If the extracellular level of K +  is 
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 FIGURE 45     A membrane potential results from separation 
of positive and negative charges across the cell membrane.  The 
excess of positive charges (red circles) outside the cell and negative 
charges (blue circles) inside the cell at rest represents a small fraction 
of the total number of ions present. (From Kandel ER, Schwartz JH, Jessell TM 
(editors):  Principles of Neural Science,  4th ed. McGraw-Hill, 2000.).  
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increased ( hyperkalemia ), the resting potential moves closer 
to the threshold for eliciting an action potential, thus the neu-
ron becomes more excitable. If the extracellular level of K +  is 
decreased ( hypokalemia ), the membrane potential is reduced 
and the neuron is hyperpolarized. 

 Although Na +  enters the nerve cell and K +  leaves it during 
the action potential, very few ions actually move across the 
membrane. It has been estimated that only 1 in 100,000 K +  
ions cross the membrane to change the membrane potential 
from +30 mV (peak of the action potential) to –70 mV (rest-
ing potential). Signifi cant diff erences in ion concentrations 
can be measured only aft er prolonged, repeated stimulation. 

 Other ions, notably Ca 2+ , can aff ect the membrane poten-
tial through both channel movement and membrane interac-
tions. A decrease in extracellular Ca 2+  concentration increases 
the excitability of nerve and muscle cells by decreasing the 
amount of depolarization necessary to initiate the changes in 

the Na +  and K +  conductance that produce the action potential. 
Conversely, an increase in extracellular Ca 2+  concentration can 
stabilize the membrane by decreasing excitability. 

   ALLORNONE ACTION 
POTENTIALS 
 It is possible to determine the minimal intensity of stimu-
lating current  (threshold intensity)  that, acting for a given 
duration, will just produce an action potential. Th e threshold 
intensity varies with the duration; with weak stimuli it is long, 
and with strong stimuli it is short. Th e relation between the 
strength and the duration of a threshold stimulus is called 
the  strength–duration curve.  Slowly rising currents fail to fi re 
the nerve because the nerve adapts to the applied stimulus, a 
process called  adaptation.  
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 FIGURE 46     Changes in membrane potential and relative 
membrane permeability to Na +  and K +  during an action potential.  
Steps 1 through 7 are detailed in the text. These changes in threshold 

for activation (excitability) are correlated with the phases of the 
action potential. (Modifi ed from Silverthorn DU:  Human Physiology: An Integrated 
Approach , 5th ed. Pearson, 2010.)  

Ganong_Ch04_083-096.indd   89 1/5/12   7:15:21 PM



90 SECTION I Cellular and Molecular Basis for Medical Physiology

 Once threshold intensity is reached, a full-fl edged action 
potential is produced. Further increases in the intensity of a 
stimulus produce no increment or other change in the action 
potential as long as the other experimental conditions remain 
constant. Th e action potential fails to occur if the stimulus is 
subthreshold in magnitude, and it occurs with constant ampli-
tude and form regardless of the strength of the stimulus if the 
stimulus is at or above threshold intensity. Th e action potential 
is therefore  all-or-none  in character.   

   ELECTROTONIC POTENTIALS, 
LOCAL RESPONSE, & FIRING LEVEL 
 Although subthreshold stimuli do not produce an action 
potential, they do have an eff ect on the membrane potential. 
Th is can be demonstrated by placing recording electrodes 
within a few millimeters of a stimulating electrode and apply-
ing subthreshold stimuli of fi xed duration. Application of such 
currents leads to a localized depolarizing potential change 
that rises sharply and decays exponentially with time. Th e 

magnitude of this response drops off  rapidly as the distance 
between the stimulating and recording electrodes is increased. 
Conversely, an anodal current produces a hyperpolarizing 
potential change of similar duration. Th ese potential changes 
are called  electrotonic potentials.  As the strength of the cur-
rent is increased, the response is greater due to the increasing 
addition of a  local response  of the membrane ( Figure 4–8 ). 
Finally, at 7–15 mV of depolarization (potential of –55 mV), 
the  fi ring level  (threshold potential) is reached and an action 
potential occurs. 

    CHANGES IN EXCITABILITY 
DURING ELECTROTONIC 
POTENTIALS & THE 
ACTION POTENTIAL 
 During the action potential, as well as during electrotonic 
potentials and the local response, the threshold of the neu-
ron to stimulation changes ( Figure 4–6 ). Hyperpolarizing 
responses elevate the threshold, and depolarizing potentials 
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 FIGURE 47     Feedback control in voltage-gated ion channels in the membrane.  A) Na +  channels exert positive feedback. B) K +  channels 
exert negative feedback. PNa, PK is permeability to Na+ and K+, respectively. (From Widmaier EP, Raff  H, Strang KT:  Vander’s Human Physiology.  McGraw-Hill, 2008.)  
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CHAPTER 4 Excitable Tissue: Nerve 91

lower it as they move the membrane potential closer to the 
fi ring level. During the local response, the threshold is low-
ered, but during the rising and much of the falling phases of 
the spike potential, the neuron is refractory to stimulation. 
Th is  refractory period  is divided into an  absolute refractory 
period,  corresponding to the period from the time the fi ring 
level is reached until repolarization is about one-third com-
plete, and a  relative refractory period,  lasting from this point 
to the start of aft er-depolarization. During the absolute refrac-
tory period, no stimulus, no matter how strong, will excite the 
nerve, but during the relative refractory period, stronger than 
normal stimuli can cause excitation. Th ese changes in thresh-
old are correlated with the phases of the action potential in 
 Figure 4–6 . 

   CONDUCTION OF THE 
ACTION POTENTIAL 
 Th e nerve cell membrane is polarized at rest, with positive 
charges lined up along the outside of the membrane and nega-
tive charges along the inside. During the action potential, this 
polarity is abolished and for a brief period is actually reversed 
( Figure 4–9 ). Positive charges from the membrane ahead of 
and behind the action potential fl ow into the area of negativity 
represented by the action potential (“current sink”). By draw-
ing off  positive charges, this fl ow decreases the polarity of the 
membrane ahead of the action potential. Such electrotonic 
depolarization initiates a local response, and when the fi ring 
level is reached, a propagated response occurs that in turn 
electrotonically depolarizes the membrane in front of it. 

  Th e spatial distribution of ion channels along the axon 
plays a key role in the initiation and regulation of the action 

potential. Voltage-gated Na +  channels are highly concentrated 
in the nodes of Ranvier and the initial segment in myelinated 
neurons. Th e number of Na +  channels per square micrometer 
of membrane in myelinated mammalian neurons has been esti-
mated to be 50–75 in the cell body, 350–500 in the initial seg-
ment, less than 25 on the surface of the myelin, 2000–12,000 at 
the nodes of Ranvier, and 20–75 at the axon terminals. Along 
the axons of unmyelinated neurons, the number is about 110. 
In many myelinated neurons, the Na +  channels are fl anked by 
K +  channels that are involved in repolarization. 

 Conduction in myelinated axons depends on a similar 
pattern of circular current fl ow as described above. However, 
myelin is an eff ective insulator, and current fl ow through it is 
negligible. Instead, depolarization in myelinated axons travels 
from one node of Ranvier to the next, with the current sink at 
the active node serving to electrotonically depolarize the node 
ahead of the action potential to the fi ring level ( Figure 4–9 ). 
Th is “jumping” of depolarization from node to node is called 
 saltatory conduction.  It is a rapid process that allows myeli-
nated axons to conduct up to 50 times faster than the fastest 
unmyelinated fi bers. 

   ORTHODROMIC & 
ANTIDROMIC CONDUCTION 
 An axon can conduct in either direction. When an action 
potential is initiated in the middle of the axon, two impulses 
traveling in opposite directions are set up by electrotonic 
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 FIGURE 48     Electrotonic potentials and local response.  The 
changes in the membrane potential of a neuron following application 
of stimuli of 0.2, 0.4, 0.6, 0.8, and 1.0 times threshold intensity are 
shown superimposed on the same time scale. The responses below 
the horizontal line are those recorded near the anode, and the 
responses above the line are those recorded near the cathode. The 
stimulus of threshold intensity was repeated twice. Once it caused a 
propagated action potential (top line), and once it did not.  
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 FIGURE 49     Local current fl ow (movement of positive 
charges) around an impulse in an axon. Top:  Unmyelinated axon. 
 Bottom:  Myelinated axon. Positive charges from the membrane 
ahead of and behind the action potential fl ow into the area of 
negativity represented by the action potential (“current sink”). In 
myelinated axons, depolarization appears to “jump” from one node 
of Ranvier to the next (saltatory conduction).  
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92 SECTION I Cellular and Molecular Basis for Medical Physiology

depolarization on either side of the initial current sink. In the 
natural situation, impulses pass in one direction only, ie, from 
synaptic junctions or receptors along axons to their termina-
tion. Such conduction is called  orthodromic.  Conduction 
in the opposite direction is called  antidromic.  Because syn-
apses, unlike axons, permit conduction in one direction only, 
an antidromic impulse will fail to pass the fi rst synapse they 
encounter and die out at that point. 

   PROPERTIES OF MIXED NERVES 
 Peripheral nerves in mammals are made up of many axons 
bound together in a fi brous envelope called the  epineurium.  
Potential changes recorded extracellularly from such nerves 
therefore represent an algebraic summation of the all-or-none 
action potentials of many axons. Th e thresholds of the individ-
ual axons in the nerve and their distance from the stimulating 
electrodes vary. With subthreshold stimuli, none of the axons 
are stimulated and no response occurs. When the stimuli are of 
threshold intensity, axons with low thresholds fi re and a small 
potential change is observed. As the intensity of the stimulat-
ing current is increased, the axons with higher thresholds are 
also discharged. Th e electrical response increases proportion-
ately until the stimulus is strong enough to excite all of the 
axons in the nerve. Th e stimulus that produces excitation of all 
the axons is the  maximal stimulus,  and application of greater, 
supramaximal stimuli produces no further increase in the size 
of the observed potential. 

 Aft er a stimulus is applied to a nerve, there is a  latent 
period  before the start of the action potential. Th is interval 
corresponds to the time it takes the impulse to travel along 
the axon from the site of stimulation to the recording elec-
trodes. Its duration is proportionate to the distance between 
the stimulating and recording electrodes and inversely pro-
portionate to the speed of conduction. If the duration of the 
latent period and the distance between the stimulating and 
recording electrodes are known,  axonal conduction velocity  
can be calculated. 

   NERVE FIBER TYPES & FUNCTION 
 Erlanger and Gasser divided mammalian nerve fi bers into A, 
B, and C groups, further subdividing the A group into α, β, 
γ, and δ fi bers. In  Table 4–1 , the various fi ber types are listed 
with their diameters, electrical characteristics, and functions. 
By comparing the neurologic defi cits produced by careful dor-
sal root section and other nerve-cutting experiments with the 
histologic changes in the nerves, the functions and histologic 
characteristics of each of the families of axons responsible for 
the various peaks of the compound action potential have been 
established. In general, the greater the diameter of a given 
nerve fi ber, the greater is its speed of conduction. Th e large 
axons are concerned primarily with proprioceptive sensation, 
somatic motor function, conscious touch, and pressure, while 
the smaller axons subserve pain and temperature sensations 
and autonomic function. 

  Further research has shown that not all the classically 
described lettered components are homogeneous, and a 
numerical system (Ia, Ib, II, III, and IV) has been used by some 
physiologists to classify sensory fi bers. Unfortunately, this has 
led to confusion. A comparison of the number system and the 
letter system is shown in  Table 4–2 . 

 TABLE 41 Types of mammalian nerve fibers. 

Fiber Type Function
Fiber 
Diameter (μm)

Conduction 
Velocity (m/s)

Spike 
Duration (ms)

Absolute Refractory 
Period (ms)

  Aα Proprioception; somatic motor 12–20 70–120

Aβ Touch, pressure  5–12 30–70 0.4–0.5 0.4–1

Aγ Motor to muscle spindles  3–6 15–30

Aδ Pain, temperature  2–5 12–30

 B Preganglionic autonomic <3  3–15 1.2 1.2

 C , Dorsal root Pain, temperature 0.4–1.2 0.5–2 2 2

 C , Sympathetic Postganglionic sympathetic 0.3–1.3 0.7–2.3 2 2

 TABLE 42 Numerical classification of sensory 
nerve fibers. 

Number Origin Fiber Type

Ia Muscle spindle, annulo-spiral ending Aα

Ib Golgi tendon organ Aα

II Muscle spindle, fl ower-spray ending; 
touch, pressure

Aβ

III Pain and cold receptors; some touch 
receptors

Aδ

IV Pain, temperature, and other 
receptors

Dorsal root C
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  In addition to variations in speed of conduction and fi ber 
diameter, the various classes of fi bers in peripheral nerves dif-
fer in their sensitivity to hypoxia and anesthetics ( Table 4–3 ). 
Th is fact has clinical as well as physiologic signifi cance. Local 
anesthetics depress transmission in the group C fi bers before 
they aff ect group A touch fi bers (see Clinical Box 4–2). Con-
versely, pressure on a nerve can cause loss of conduction in 
large-diameter motor, touch, and pressure fi bers while pain 
sensation remains relatively intact. Patterns of this type are 
sometimes seen in individuals who sleep with their arms 
under their heads for long periods, causing compression of the 
nerves in the arms. Because of the association of deep sleep 
with alcoholic intoxication, the syndrome is most common 
on weekends and has acquired the interesting name Saturday 
night or Sunday morning paralysis. 

     NEUROTROPHINS 
 A number of proteins necessary for survival and growth of 
neurons have been isolated and studied. Some of these  neu-
rotrophins  are products of the muscles or other structures 

that the neurons innervate, but many in the CNS are produced 
by astrocytes. Th ese proteins bind to receptors at the endings 
of a neuron. Th ey are internalized and then transported by ret-
rograde transport to the neuronal cell body, where they foster 
the production of proteins associated with neuronal devel-
opment, growth, and survival. Other neurotrophins are pro-
duced in neurons and transported in an anterograde fashion 
to the nerve ending, where they maintain the integrity of the 
postsynaptic neuron. 

   RECEPTORS 
 Four established neurotrophins and their three high-affi  n-
ity  tyrosine kinase associated (Trk) receptors  are listed in 
 Table 4–4 . Each of these Trk receptors dimerizes, and this ini-
tiates autophosphorylation in the cytoplasmic tyrosine kinase 
domains of the receptors. An additional low-affi  nity NGF recep-
tor that is a 75-kDa protein is called  p75 NTR  . Th is receptor binds 
all four of the listed neurotrophins with equal affi  nity. Th ere is 
some evidence that it can form a heterodimer with Trk A mono-
mer and that the dimer has increased affi  nity and specifi city 

TABLE 43 Relative susceptibility of mammalian A, 
B, and C nerve fibers to conduction block produced by 
various agents.

Susceptibility To:
Most 
Susceptible Intermediate

Least 
Susceptible

Hypoxia B A C

Pressure A B C

Local anesthetics C B A

 TABLE 44 Neurotrophins. 

Neurotrophin Receptor

Nerve growth factor (NGF) Trk A

Brain-derived neurotrophic factor (BDNF) Trk B

Neurotrophin 3 (NT-3) Trk C, less on 
Trk A and Trk B

Neurotrophin 4/5 (NT-4/5) Trk B

 CLINICAL BOX 4–2 

  Local Anesthesia  
 Local or regional anesthesia is used to block the conduction of 
action potentials in sensory and motor nerve fi bers. This usually 
occurs as a result of blockade of voltage-gated Na +  channels on 
the nerve cell membrane. This causes a gradual increase in the 
threshold for electrical excitability of the nerve, a reduction in 
the rate of rise of the action potential, and a slowing of axonal 
conduction velocity. There are two major categories of local an-
esthetics:  ester-linked  (eg,  cocaine ,  procaine ,  tetracaine ) or 
 amide-linked  (eg,  lidocaine, bupivacaine ). In addition to ei-
ther the ester or amide, all local anesthetics contain an aromatic 
and an amine group. The structure of the aromatic group de-
termines the drug’s hydrophobic characteristics, and the amine 
group determines its latency to onset of action and its potency. 
Application of these drugs into the vicinity of a central (eg,  epi-
dural ,  spinal anesthesia ) or peripheral nerve can lead to rapid, 

temporary, and near complete interruption of neural traffi  c to al-
low a surgical or other potentially noxious procedure to be done 
without eliciting pain. Cocaine (from the coca shrub,  Erythroxy-
lan coca ) was the fi rst chemical to be identifi ed as having local 
anesthetic properties and remains the only naturally occurring 
local anesthetic. In 1860, Albert Niemann isolated the chemical, 
tasted it, and reported a numbing eff ect on his tongue. The fi rst 
clinical use of cocaine as a local anesthetic was in 1886 when 
Carl Koller used it as a topical ophthalmic anesthetic. Its addic-
tive and toxic properties prompted the development of other 
local anesthetics. In 1905, procaine was synthesized as the fi rst 
suitable substitute for cocaine. Nociceptive fi bers (unmyelinat-
ed C fi bers) are the most sensitive to the blocking eff ect of local 
anesthetics. This is followed by sequential loss of sensitivity to 
temperature, touch, and deep pressure. Motor nerve fi bers are 
the most resistant to the actions of local anesthetics. 
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for NGF. However, it now appears that p75 NTR  receptors can 
form homodimers that in the absence of Trk receptors cause 
apoptosis, an eff ect opposite to the usual growth-promoting 
and nurturing eff ects of neurotrophins. Research is ongoing to 
characterize the distinct roles of p75 NTR  and Trk receptors and 
factors that infl uence their expression in neurons. 

    FUNCTION OF NEUROTROPHINS 
 Th e fi rst neurotrophin to be characterized was NGF, a protein 
growth factor that is necessary for the growth and maintenance 
of sympathetic neurons and some sensory neurons. It is pres-
ent in a broad spectrum of animal species, including humans, 
and is found in many diff erent tissues. In male mice, there is a 
particularly high concentration in the submandibular salivary 
glands, and the level is reduced by castration to that seen in 
females. Th e factor is made up of two α, two β, and two γ sub-
units. Th e β subunits, each of which has a molecular mass of 
13,200 Da, have all the nerve growth-promoting activity, the α 
subunits have trypsin-like activity, and the γ subunits are ser-
ine proteases. Th e function of the proteases is unknown. Th e 
structure of the β subunit of NGF resembles that of insulin. 

 NGF is picked up by neurons and is transported in ret-
rograde fashion from the endings of the neurons to their 
cell bodies. It is also present in the brain and appears to be 

responsible for the growth and maintenance of cholinergic 
neurons in the basal forebrain and the striatum. Injection of 
antiserum against NGF in newborn animals leads to almost 
total destruction of the sympathetic ganglia; it thus produces 
an  immunosympathectomy.  Th ere is evidence that the main-
tenance of neurons by NGF is due to a reduction in apoptosis. 

 Brain-derived neurotrophic factor (BDNF), neurotrophin 
3 (NT-3), NT-4/5, and NGF each maintain a diff erent pattern 
of neurons, although there is some overlap. Disruption of NT-3 
by gene knockout causes a marked loss of cutaneous mechano-
receptors, even in heterozygotes. BDNF acts rapidly and can 
actually depolarize neurons. BDNF-defi cient mice lose periph-
eral sensory neurons and have severe degenerative changes in 
their vestibular ganglia and blunted long-term potentiation. 

   OTHER FACTORS AFFECTING 
NEURONAL GROWTH 
 Th e regulation of neuronal growth is a complex process. 
Schwann cells and astrocytes produce  ciliary neurotrophic 
factor (CNTF).  Th is factor promotes the survival of damaged 
and embryonic spinal cord neurons and may prove to be of value 
in treating human diseases in which motor neurons degener-
ate.  Glial cell line-derived neurotrophic factor (GDNF)

 CLINICAL BOX 4–3 

  Axonal Regeneration  
 Peripheral nerve damage is often reversible. Although the axon 
will degenerate distal to the damage, connective elements of 
the so-called  distal stump  often survive.  Axonal sprouting  
occurs from the proximal stump, growing toward the nerve 
ending. This results from  growth-promoting factors  secreted 
by  Schwann cells  that attract axons toward the distal stump. 
Adhesion molecules of the immunoglobulin superfamily (eg, 
NgCAM/L1) promote axon growth along cell membranes and 
extracellular matrices. Inhibitory molecules in the perineurium 
assure that the regenerating axons grow in a correct trajectory. 
Denervated distal stumps are able to upregulate production 
of  neurotrophins  that promote growth. Once the regener-
ated axon reaches its target, a new functional connection (eg, 
neuromuscular junction) is formed. Regeneration allows for 
considerable, although not full, recovery. For example, fi ne mo-
tor control may be permanently impaired because some motor 
neurons are guided to an inappropriate motor fi ber. Nonethe-
less, recovery of peripheral nerves from damage far surpasses 
that of central nerve pathways. The proximal stump of a dam-
aged axon in the CNS will form short sprouts, but distant stump 
recovery is rare, and the damaged axons are unlikely to form new 
synapses. This is in part because CNS neurons do not have the 
growth-promoting chemicals needed for regeneration. In fact, 
CNS myelin is a potent inhibitor of axonal growth. In addition, 

following CNS injury several events— astrocytic proliferation, 
activation of microglia, scar formation, infl ammation,  and 
 invasion of immune cells —provide an inappropriate environ-
ment for regeneration. Thus, treatment of brain and spinal cord 
injuries frequently focuses on rehabilitation rather than revers-
ing the nerve damage. New research is aiming to identify ways 
to initiate and maintain axonal growth, to direct regenerating 
axons to reconnect with their target neurons, and to reconsti-
tute original neuronal circuitry. 

  THERAPEUTIC HIGHLIGHTS  

 There is evidence showing that the use of  nonsteroidal 
anti-infl ammatory drugs  (NSAIDs) like ibuprofen can 
overcome the factors that inhibit axonal growth following 
injury. This eff ect is thought to be mediated by the ability 
of NSAIDs to inhibit RhoA, a small GTPase protein that 
normally prevents repair of neural pathways and axons. 
Growth cone collapse in response to myelin-associated 
inhibitors after nerve injury is prevented by drugs such as 
 pertussis toxin,  which interfere with signal transduction 
via trimeric G protein. Experimental drugs that inhibit the 
 phosphoinositide 3-kinase   (PI3)   pathway  or the  inosi-
tol triphosphate (IP 3 ) receptor  have also been shown to 
promote regeneration after nerve injury. 
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maintains midbrain dopaminergic neurons in vitro. However, 
GDNF knockouts have dopaminergic neurons that appear 
normal, but they have no kidneys and fail to develop an enteric 
nervous system. Another factor that enhances the growth of 
neurons is  leukemia inhibitory factor (LIF).  In addition, neu-
rons as well as other cells respond to  insulin-like growth fac-
tor I (IGF-I)  and the various forms of  transforming growth 
factor (TGF), fi broblast growth factor (FGF),  and  platelet-
derived growth factor (PDGF).  

 Clinical Box 4–3 compares the ability to regenerate neu-
rons aft er central and peripheral nerve injury. 

    CHAPTER SUMMARY 
  Th ere are two main types of glia: microglia and macroglia.  ■

Microglia are scavenger cells. Macroglia include 
oligodendrocytes, Schwann cells, and astrocytes. Th e fi rst 
two are involved in myelin formation; astrocytes produce 
substances that are tropic to neurons, and they help maintain 
the appropriate concentration of ions and neurotransmitters. 
 Neurons are composed of a cell body (soma) that is the  ■

metabolic center of the neuron, dendrites that extend outward 
from the cell body and arborize extensively, and a long fi brous 
axon that originates from a somewhat thickened area of the cell 
body, the axon hillock. 
 Th e axons of many neurons acquire a sheath of myelin, a  ■

protein–lipid complex that is wrapped around the axon. Myelin 
is an eff ective insulator, and depolarization in myelinated axons 
travels from one node of Ranvier to the next, with the current 
sink at the active node serving to electrotonically depolarize to 
the fi ring level the node ahead of the action potential. 
 Orthograde transport occurs along microtubules that run the  ■

length of the axon and requires two molecular motors: dynein 
and kinesin. It moves from the cell body toward the axon 
terminals and has both fast (400 mm/day) and slow (0.5–10 
mm/day) components. Retrograde transport, which is in the 
opposite direction (from the nerve ending to the cell body), 
occurs along microtubules at about 200 mm/day. 
 In response to a depolarizing stimulus, voltage-gated Na  ■ +  
channels become active, and when the threshold potential is 
reached, an action potential results. Th e membrane potential 
moves toward the equilibrium potential for Na + . Th e Na +  
channels rapidly enter a closed state (inactivated state) before 
returning to the resting state. Th e direction of the electrical 
gradient for Na +  is reversed during the overshoot because the 
membrane potential is reversed, and this limits Na +  infl ux. 
Voltage-gated K +  channels open and the net movement of 
positive charge out of the cell helps complete the process of 
repolarization. Th e slow return of the K +  channels to the closed 
state explains aft er-hyperpolarization, followed by a return to 
the resting membrane potential. 
 Nerve fi bers are divided into diff erent categories (A, B, and C)  ■

based on axonal diameter, conduction velocity, and function. A 
numerical classifi cation (Ia, Ib, II, III, and IV) is also used for 
sensory aff erent fi bers. 
 Neurotrophins such as NGF are carried by retrograde transport  ■

to the neuronal cell body, where they foster the production of 
proteins associated with neuronal development, growth, and 
survival. 

    MULTIPLECHOICE QUESTIONS 
  For all questions, select the single best answer unless otherwise 
directed.  
    1. Which of the following statements about glia is true?

    Microglia arise from macrophages outside of the nervous A. 
system and are physiologically and embryologically similar 
to other neural cell types.  
  Glia do not undergo proliferation.  B. 
  Protoplasmic astrocytes produce substances that are tropic C. 
to neurons to help maintain the appropriate concentration 
of ions and neurotransmitters by taking up K +  and the 
neurotransmitters glutamate and GABA.  
  Oligodendrocytes and Schwann cells are involved in myelin D. 
formation around axons in the peripheral and central 
nervous systems, respectively.  
  Macroglia are scavenger cells that resemble tissue E. 
macrophages and remove debris resulting from injury, 
infection, and disease.      

   2. A 13-year-old girl was being seen by her physician because 
of experiencing frequent episodes of red, painful, warm 
extremities. She was diagnosed with primary erythromelalgia, 
which may be due to a peripheral nerve sodium channelopathy. 
Which part of a neuron has the highest concentration of Na +  
channels per square micrometer of cell membrane?

    dendrites  A. 
  cell body near dendrites  B. 
  initial segment  C. 
  axonal membrane under myelin  D. 
  none of Ranvier      E. 

   3. A 45-year-old female offi  ce worker had been experiencing 
tingling in her index and middle fi ngers and thumb of her right 
hand. Recently, her wrist and hand had become weak. Her 
physician ordered a nerve conduction test to evaluate her for 
carpal tunnel syndrome. Which one of the following nerves has 
the slowest conduction velocity?

    Aα fi bers  A. 
  Aβ fi bers  B. 
  Aγ fi bers  C. 
  B fi bers  D. 
  C fi bers      E. 

   4. Which of the following is  not  correctly paired?
    Synaptic transmission: Antidromic conduction  A. 
  Molecular motors: Dynein and kinesin  B. 
  Fast axonal transport: ~400 mm/day  C. 
  Slow axonal transport: 0.5–10 mm/day  D. 
  Nerve growth factor: Retrograde transport      E. 

   5. A 32-year-old female received an injection of a local anesthetic 
for a tooth extraction. Within 2 h, she noted palpitations, 
diaphoresis, and dizziness. Which of the following ionic 
changes is correctly matched with a component of the action 
potential?

    Opening of voltage-gated K A. +  channels: Aft er-
hyperpolarization  
  A decrease in extracellular Ca B. 2+ : Repolarization  
  Opening of voltage-gated Na C. +  channels: Depolarization  
  Rapid closure of voltage-gated Na D. +  channels: Resting 
membrane potential  
  Rapid closure of voltage-gated K E. +  channels: Relative 
refractory period      
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   6. A man falls into a deep sleep with one arm under his head. 
Th is arm is paralyzed when he awakens, but it tingles, and pain 
sensation in it is still intact. Th e reason for the loss of motor 
function without loss of pain sensation is that in the nerves 
to his arm,

    A fi bers are more susceptible to hypoxia than B fi bers.  A. 
  A fi bers are more sensitive to pressure than C fi bers.  B. 
  C fi bers are more sensitive to pressure than A fi bers.  C. 
  Motor nerves are more aff ected by sleep than sensory nerves.  D. 
  Sensory nerves are nearer the bone than motor nerves and E. 
hence are less aff ected by pressure.      

   7. Which of the following statements about nerve growth factor is 
 not  true?

    It is made up of three polypeptide subunits.  A. 
  It is responsible for the growth and maintenance of B. 
adrenergic neurons in the basal forebrain and the striatum.  
  It is necessary for the growth and development of the C. 
sympathetic nervous system.  
  It is picked up by nerves from the organs they innervate.  D. 
  It can express both p75 E. NTR  and Trk A receptors.      

   8. A 20-year old female student awakens one morning with severe 
pain and blurry vision in her left  eye; the symptoms abate over 
several days. About 6 months later, on a morning aft er playing 
volleyball with friends, she notices weakness but not pain in 
her right leg; the symptoms intensify while taking a hot shower. 
Which of the following is most likely to be the case?

    Th e two episodes described are not likely to be related.  A. 
  She may have primary-progressive multiple sclerosis.  B. 
  She may have relapsing-remitting multiple sclerosis.  C. 
  She may have a lumbar disk rupture.  D. 
  She may have Guillain–Barre syndrome.       E. 
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