
C h a p t e r 1

Cell Communicaton



Evoluton of Cell Signaling
Communicaton  etween matng yeast cells

* Each cell type secretes a matng factor that 
 inds to receptors on the other cell type.

* The matng signal is changed, or transduced 
into a series of steps called a signal 
transducton pathway that  rings a out the 
cellular response of matng; cells change 
shape, grow toward each other, and fuse 
(mate).

* The nucleus of the fused cell (new cell) 
contains all the genes of  oth original cells.

* The molecular details of signal transducton in yeasts and mammals 
are strikingly similar. This suggests that early versions of cell-signaling 
mechanisms evolved well  efore the frst multcellular creatures 
appeared on Earth.



* Scientsts think that signaling mechanisms frst evolved in 
ancient prokaryotes and single-celled eukaryotes and then were 
adopted for new uses  y their multcellular descendants.

* Bacterial cells secrete molecules that can  e detected  y other 
 acterial cells. Sensing the concentraton of such signaling 
molecules allows  acteria to monitor the local density of cells 
(quorum sensing).

* Quorum sensing allows  acterial populatons to coordinate 
their  ehaviors in actvites that require a given num er of cells 
actng synchronously. One example is formaton of a  ioflm, an 
aggregaton of  acterial cells adhered to a surface. The cells in 
the  ioflm generally derive nutriton from the surface they are 
on. Examples of  acterial  ioflms are the slimy coatng on a 
fallen log or on leaves and the flm on your teeth each morning.



Local and Long-Distance Signaling
!. Local Signaling

* Eukaryotc cells may communicate  y direct contact, one type of local 
signaling.

* Both animals and plants have cell 
junctons that directly connect the 
cytoplasms of adjacent cells. In these 
cases, signaling su stances dissolved in 
the cytosol can pass freely  etween 
adjacent cells.

* Animal cells may communicate via direct 
contact  etween mem rane- ound cell-
surface molecules in a process called cell-
cell recogniton.

* This sort of local signaling is especially important in em ryonic 
development and immune response. 



* Paracrine signaling: A secretng cell 
acts on near y target cells  y secretng 
molecules of a local regulator (e.g. 
growth factor).

* Synaptc signaling: A nerve cell 
releases neurotransmiter molecules 
into a synapse, stmulatng target cell, 
such as a muscle or nerve cell.

2. Long-Distance Signaling
* Both animals and plants use hormones 
for long-distance signaling.

* In hormonal signaling in animals 
(endocrine signaling), specialized cells 
release hormone, which travels via the 
circulatory system to its target cell.

* Plant hormones (plant growth regulators) reach their targets  y moving 
through cells or  y difusing through the air as a gas.



* Hormones vary in size and type e.g. the plant hormone ethylene, a 
gas that promotes fruit ripening and helps regulate growth, is a 
hydrocar on of only six atoms (C2H4). In contrast, the mammalian 
hormone insulin, which regulates  lood glucose, is a protein with 
thousands of atoms.

The Three Stages of Cell Signaling: A Preview
1. Recepton
* Recepton is the target cell’s detecton of a signaling molecule coming 
from outside the cell.
* A chemical signal is “detected” when the signaling molecule  inds to 
a receptor protein located at the cell’s surface or inside the cell.

2. Transducton
* Binding of signaling molecule changes the receptor protein in some 
way, initatng the process of transducton which occurs in a sequence 
of changes with a series of diferent molecules (a signal transducton 
pathway). The molecules in the pathway are called relay molecules.



3. Response
* The transduced signal fnally 
triggers a specifc response 
which is a cellular actvity e.g. 
catalysis  y an enzyme, 
rearrangement of the 
cytoskeleton, or actvaton of 
specifc genes in the nucleus. 

1. Recepton: A signaling molecule  inds to a receptor protein, 
causing it to change shape

* The signaling molecule (ligand) is complementary in shape to a specifc 
site on the receptor and ataches there, like a key in a lock.

* Ligand  inding causes a receptor protein to undergo a change in shape  
  
           receptor actvaton             interact with other cellular molecules. 



I. Receptors in the Plasma Mem rane
* The three major types of cell-surface transmem rane receptors are G 
protein-coupled receptors (GPCRs), receptor tyrosine kinases, and ion 
channel receptors.

* Malfunctons of cell-surface receptors are associated with many 
human diseases, including cancer, heart disease, and asthma.

1. G Protein-Coupled Receptors (GPCR)
* GPCR is a cell-surface transmem rane receptor that works with 
help of G protein (a protein  inds GTP).

* Many diferent signaling molecules e.g. yeast 
matng factors, epinephrine and 
neurotransmiters use GPCRs.

* GPCR is a single polypeptde which has seven 
transmem rane α helices. The loops form 
 inding sites for signaling molecules outside the 
cell and G proteins on the cytoplasmic side.



* GPCR- ased signaling systems are widespread and diverse in their functons 
e.g. in humans, vision, smell, and taste depend on GPCRs.

* Malfunctons of G proteins are involved in many human diseases e.g. 
 acterial infectons like cholera, pertussis (whooping cough), and  otulism.

Mechanism of acton of G proteins 

* The loosely atached G-protein to the 
cytoplasmic side of the mem rane 
functons as a molecular switch that is 
either on or of, depending on which of 
two guanine nucleotdes is atached, GDP or GTP.

* When GDP is  ound to the G protein, the G protein is inactve (of). 

* When signaling molecule  inds to the 
extracellular side of the receptor, the 
receptor is actvated and changes shape.
* Its cytoplasmic side then  inds an 
inactve G protein, causing a GTP to 
displace GDP.  This actvates the G protein.



* The actvated G protein dissociates (α 
su unit), difuses along the mem rane, 
and then  inds to an enzyme, altering 
enzyme’s actvity              cellular response.

* Binding of signaling molecules is 
reversi le.

* The changes in the enzyme and G protein 
are only temporary  ecause G protein also 
functons as a GTPase i.e. it hydrolyzes its 
 ound GTP to GDP and Pi. Now inactve 
again, the G protein leaves the enzyme, 
which returns to its original state. The G 
protein is now availa le for reuse. 



2. Receptor Tyrosine Kinases (RTKs)
* RTKs are plasma mem rane receptors with enzymatc actvity.

* The part of the receptor protein extending into the cytoplasm 
functons as a tyrosine kinase, an enzyme that phosphorylates the 
amino acid tyrosine.

* One RTK may actvate many transducton pathways and cellular 
responses while one GPCR actvate a single transducton pathway.

* A normal functoning of RTKs is associated with many kinds of 
cancers e.g.  reast cancer. 

* Before the signaling molecule  inds, 
the receptors exist as individual units 
(monomers). Each has an extracellular 
ligand- inding site, an α helix spanning 
the mem rane, and an intracellular tail 
containing multple tyrosines.



* Binding of a signaling molecule e.g. growth 
factor causes two receptor monomers to 
associate closely with each other, forming a 
complex called a dimer (dimerizaton).

* Dimerizaton actvates tyrosine kinase 
region of each monomer; each tyrosine 
kinase adds a phosphate from an ATP 
molecule to a tyrosine on the tail of the other 
monomer.

* Now the receptor is fully actvated, it is 
recognized  y specifc relay proteins inside 
the cell. Each such protein  inds to a specifc 
phosphorylated tyrosine, undergoing a 
structural change that actvates the  ound 
protein. Each actvated protein triggers a 
transducton pathway, leading to a cellular 
response.



3. Ligand-gated Ion Channel 

* A ligand-gated ion channel is a 
type of mem rane receptor with a 
“gate” e.g. acetylcholine receptor 
channel. 

* Binding of acetylcholine (ligand) 
with its channel protein causes 
conformatonal change in the protein 
molecule that opens the gate of 
acetylcholine channel that allows 
sodium ions to pass through.

* Acetylcholine channel is important 
for transmission of nerve signals from 
one nerve cell to another (synapse) 
and from nerve cells to muscle cells 
(neuromuscular juncton) to cause 
muscle contracton.



II. Intracellular Receptors
* Intracellular receptors are found in either cytoplasm or nucleus.

* To reach such a receptor, a signaling molecule is either hydropho ic e.g. 
steroid and thyroid hormones or small e.g. nitric oxide to cross plasma 
mem rane.

* Example: Aldosterone is a steroid 
hormone secreted  y adrenal gland.

* Aldosterone passes through plasma 
mem rane,  inds its receptor in cytoplasm 
of kidney cell and actvatng it.

* The aldosterone-receptor complex 
(transcripton factor) enters nucleus and 
 inds to specifc genes, stmulatng 
transcripton of the gene into mRNA.

* The mRNA leaves the nucleus and is 
translated into a specifc protein that 
stmulates Na+ rea sorpton and K+ 
secreton in renal distal tu ules. 



2. Transducton: Cascades of molecular interactons relay 
signals from receptors to target molecules in the cell

* When receptors are plasma mem rane proteins, the transducton 
stage of cell signaling is usually a multstep pathway.

* Steps ofen include actvaton of proteins  y phosphorylaton or 
dephosphorylaton or release of other small molecules or ions that act 
as messengers.

* Benefts of multstep pathways are amplifying a signal and providing 
more opportunites for coordinaton and control than do simpler 
systems, allowing regulaton of the response.

Signal Transducton Pathways
1. Protein Phosphorylaton and Dephosphorylaton
* An enzyme that transfers phosphate groups from ATP to a protein is 
called a protein kinase (phosphorylaton) and an enzyme that removes 
phosphate groups from proteins is called protein phosphatases 
(dephosphorylaton). 



* In a phosphorylaton 
cascade (similar to that 
triggered in yeast  y 
matng factors and in 
animal cells  y growth 
factors), each actve 
protein kinase adding a 
phosphate group to the 
next inactve one, 
causing its shape change 
and actvatng it.

* shape change is due 
interacton of the newly 
added phosphate groups
with charged or polar amino acids on the protein  eing phosphorylated .

* Protein kinases regulate the actvity of proteins that regulate cell division. 
Thus, a normal actvity of such kinases may contri ute to the development of 
cancer. 



* Protein kinases are inactvated  y protein phosphatases 
(dephosphorylaton). Thus phosphatases 1) provide the mechanism for 
turning of the signal transducton pathway when the inital signal is no 
longer present, and 2) make the protein kinases availa le for reuse, 
ena ling the cell to respond again to an extracellular signal. The 
phosphorylaton-dephosphorylaton system acts as a molecular switch in 
the cell, turning actvites on or of, or up or down, as required.

2. Small Molecules and Ions as Second Messengers
A. Cyclic AMP
* Epinephrine causes glycogen  reakdown of a liver or muscle cell 
without passing through the plasma mem rane. How?

- Binding of epinephrine to plasma mem rane of liver cell actvates a G-
protein coupled receptor which actvates stmulatory G-protein (Gs) that 
actvates an enzyme em edded in plasma mem rane called adenylyl 
cyclase which converts ATP to cyclic adenosine monophosphate (cAMP).

- The cAMP acts as a second messenger and actvates protein kinase A 
which phosphorylates other proteins, leading to cellular response. 



- The cAMP does not persist for long in 
a sence of epinephrine  ecause another 
enzyme called phosphodiesterase converts 
cAMP to AMP. 

- Further regulaton of cell meta olism is 
provided  y other G protein systems that 
inhi it adenylyl cyclase. In these systems, a 
diferent signaling molecule actvates a 
diferent receptor, which in turn actvates 
an inhi itory G protein (Gi) that inhi its 
adenylyl cyclase.

How cholera  acterium, Vibrio cholerae, cause cholera?
Cholera toxin is an enzyme that modifes a G protein involved in regulatng salt 
and water secreton. Because the modifed G protein is una le to hydrolyze GTP 
to GDP, it remains actve, contnuously stmulatng adenylyl cyclase to make 
cAMP. The resultng high concentraton of cAMP causes intestnal cells to 
secrete large amounts of salts into intestne, with water following  y osmosis, 
resultng in diarrhea which causes death if untreated.



B. Calcium Ions and Inositol Trisphosphate (IP3)

* Calcium is more widely used than cAMP as a second messenger.

* Increasing cytosolic concentraton of Ca2+ causes many responses 
in animal cells, including muscle cell contracton, secreton of certain 
su stances, and cell division.

* In plant cells, a wide range of hormonal and environmental stmuli 
can cause  rief increases in cytosolic Ca2+ concentraton, triggering 
various signaling pathways, such as the pathway for greening in 
response to light.

* Cells use Ca2+ as a second messenger in pathways triggered  y 
 oth G protein-coupled receptors and receptor tyrosine kinases.

* Ca2+ can functon as a second messenger  ecause its concentraton 
in cytosol is normally much lower than outside cell.

* In response to a signal, cytosolic Ca2+ level may rise, usually  y a 
mechanism that releases Ca2+ from the cell’s ER.



* The pathways leading to Ca2+ release involve two other second messengers, 
inositol trisphosphate (IP3) and diacylglycerol (DAG).

* These two messengers are produced  y cleavage of phospholipid in plasma 
mem rane called Phosphatdylinositol 4,5- isphosphate (PIP2).

* A signaling molecule  inds 
to a receptor, leading to 
actvaton of G-protrin that 
actvates phospholipase C.

* Phospholipase C cleaves   
PIP2 into DAG and IP3.

* DAG functons as a second 
messenger in other 
pathways.

* IP3 quickly difuses through the cytosol and  inds to an IP3- gated calcium 
channel in the ER mem rane, causing it to open.

* Calcium ions difuse out of the ER, raising the Ca2+ level in the cytosol.

* Calcium ions actvate various proteins causing cellular responses.



3. Nuclear and Cytoplasmic Responses
A. Nuclear Responses

* Many signaling pathways ultmately regulate protein synthesis, usually  y 
turning specifc genes on or of in the nucleus. 
Example 1. actvaton of a specifc gene  y  aldosterone.
Example 2. actvaton of a specifc gene  y a growth factor.

* The inital signaling molecule, a growth factor, 
triggers a phosphorylaton cascade.

* Once phosphorylated, the last kinase in the 
sequence enters the nucleus and actvates a 
gene-regulatng protein, a transcripton factor.

* The transcripton factor stmulates 
transcripton of a specifc gene (or genes).

* The resultng mRNAs then direct the synthesis 
of a partcular protein in the cytoplasm.

* Malfunctoning of growth factor pathways 
involving in cell division can contri ute to 
development of cancer.



B. Cytoplasmic Responses
* The signaling pathway regulates the actvity 
of cytoplasmic proteins rather than causing 
their synthesis.
* Example 1: opening or closing of an ion 
channel in plasma mem rane.
* Example 2: stmulaton of glycogen 
 reakdown  y epinephrine in liver cell 
cytoplasm.

- Epinephrine acts through a G protein-coupled 
receptor to actvate a succession of relay 
molecules, including cAMP and two protein 
kinases.

- The fnal protein actvated is the enzyme 
glycogen phosphorylase, which uses inorganic 
phosphate to release glucose monomers from 
glycogen in the form of glucose 1-phosphate.

- This pathway amplifes hormonal signal.



Regulaton of the Response

The extent and specifcity of the response are regulated in multple 
ways through 4 aspects of regulaton.

1. Signal Amplifcaton 
Enzyme cascades amplify the cell’s response to a signal. At each 
catalytc step in the cascade, the num er of actvated products can  e 
much greater than in the preceding step.

Example: stmulaton of glycogen  reakdown  y epinephrine.

* Each adenylyl cyclase molecule catalyzes the formaton of a out 100 
cAMP molecules, each molecule of protein kinase A phosphorylates 
a out 10 molecules of the next kinase in the pathway, and so on.

* As a result of the signal’s amplifcaton, a small num er of 
epinephrine molecules  inding to receptors on the surface of a liver 
or muscle cell can lead to the release of hundreds of millions of 
glucose molecules from glycogen.



* The response of a partcular cell to a signal 
depends on its receptor proteins, relay proteins, 
and proteins needed to carry out the response. A 
liver cell, for example responds appropriately to 
epinephrine  y having their proteins cascade 
needed for glycogen  reakdown. Thus, two cells 
that respond diferently to the same signal difer in 
proteins that handle and respond to the signal.

* Example: cells A, B, and C use the same receptor 
protein for red signaling molecule; diferences in 
other proteins account for their difering responses.

* In cell D, diferent receptor protein is used for the 
same signaling molecule, leading to another 
response.

* In cell B, a pathway that is triggered  y a single

2. The Specifcity of Cell Signaling and Coordinaton of the Response

kind of signal diverges to produce two responses; such  ranched pathways ofen 
involve receptor tyrosine kinases (which can actvate multple relay proteins) or 
second messengers (which can regulate numerous proteins). 



* In cell C, two pathways triggered  y separate signals converge to 
modulate a single response. Branching of pathways and “cross-talk” 
(interacton)  etween pathways are important in regulatng and 
coordinatng a cell’s responses to informaton coming in from 
diferent sources in the  ody. An example of a signal that leads to a 
complex, coordinated cellular response can  e found in the processes 
leading to the matng of yeast cells descri ed earlier.

3. Signaling Efciency: Scafolding Proteins and Signaling 
Complexes
* Signaling pathways would operate inefciently  ecause most relay 
molecules are proteins, and proteins are too large to difuse quickly 
through the viscous cytosol.

* The efciency of signal transducton is increased  y the presence of 
scafolding proteins, large relay proteins to which several other relay 
proteins are simultaneously atached.



* Example, one scafolding protein 
isolated from mouse  rain cells holds 
three protein kinases and carries these 
kinases with it when it  inds to an 
appropriately actvated mem rane 
receptor; it thus facilitates a specifc 
phosphorylaton cascade.

* Scafolding proteins in  rain cells hold together networks of signaling 
pathway proteins at synapses and this enhances the speed and accuracy 
of signal transfer  etween cells.

* The importance of relay proteins that serve as points of  ranching or 
intersecton in signaling pathways is highlighted  y the pro lems arising 
when these proteins are defectve or missing e.g. in an inherited disorder 
called Wiskot-Aldrich syndrome (WAS), a sence of a single relay protein 
in cells of immune system leads to such diverse efects as a normal 
 leeding, eczema, and a predispositon to infectons and leukemia.



4. Terminaton of the Signal
* In cholera, if the modifed G protein is una le to hydrolyze GTP to 
GDP, it remains actve, contnuously stmulatng adenylyl cyclase to 
make cAMP. The resultng high concentraton of cAMP causes intestnal 
cells to secrete large amounts of salts into intestne, with water 
following  y osmosis, resultng in diarrhea causing death if untreated.

* The a ility of a cell to receive new signals depends on reversi ility of 
changes produced  y prior signals.

* Cellular response occurs only when concentraton of receptors with 
 ound signaling molecules is a ove a certain threshold. When the 
num er of actve receptors falls  elow that threshold, the cellular 
response ceases.

* Then, the relay molecules return to their inactve forms: The GTPase 
actvity intrinsic to a G protein hydrolyzes its  ound GTP; 
phosphodiesterase converts cAMP to AMP and phosphatases inactvate 
phosphorylated kinases. As a result, cell is soon ready to respond to a 
fresh signal.



Apoptosis integrates multple cell-signaling pathways 
* Apoptosis means programmed cell death or controlled cell suicide.

* During apoptosis, cellular agents chop up 
the DNA and fragment the organelles and 
other cytoplasmic components. The cell 
shrinks and  ecomes lo ed ( le  ing), and 
the cell’s parts are packaged up in vesicles 
that are engulfed and digested  y 
specialized scavenger cells.

* Apoptosis protects neigh oring cells 
from damage caused  y a dying cell 
digestve enzymes.

* The signal that triggers apoptosis come from either outside or inside the 
cell. Outside the cell, signaling molecules released from other cells can 
initate a signal transducton pathway that actvates the genes and proteins 
responsi le for carrying out cell death. Within a cell whose DNA has  een 
irretrieva ly damaged, a series of protein-protein interactons can pass 
along a signal that similarly triggers cell death. 



Apoptosis in the Soil Worm Caenorhabditi elegani

* In worms and other species, apoptosis is triggered  y signals 
that actvate a cascade of “suicide” proteins in the cells destned 
to die.

* Genetc research on C. elegani initally revealed two key 
apoptosis genes, called ced-3 and ced-4 (ced stands for “cell 
death”), which encode proteins essental for apoptosis.

* The proteins are called Ced-3 and Ced-4, respectvely and are 
contnually present in inactve form.

* In C. elegani, a protein in the outer mitochondrial mem rane, 
called Ced-9 (the product of the ced-9 gene), serves as a master 
regulator of apoptosis, actng as a  rake in the a sence of a signal 
promotng apoptosis.



* When a death signal is received  y the 
cell, signal transducton involves a 
change in Ced-9 that disa les the  rake, 
and the apoptotc pathway actvates 
proteases and nucleases, enzymes that 
cut up the proteins and DNA of the cell.

* The main proteases of apoptosis are 
called caspases; in the nematode, the 
chief caspase is the Ced-3 protein.

Apoptotc Pathways and the Signals 
That Trigger Them
* In humans and other mammals, several 
diferent pathways, involving a out 15 
diferent caspases, can carry out 
apoptosis.

* The pathway that is used depends on 
the type of cell and on the partcular 
signal that initates apoptosis.



1. One major pathway involves certain mitochondrial proteins that 
form molecular pores in the mitochondrial outer mem rane, causing 
it to leak and release other proteins that promote apoptosis. They 
may include cytochrome c, which functons in mitochondrial 
electron transport in healthy cells  ut acts as a cell death factor 
when released from mitochondria.

* The process of mitochondrial apoptosis in mammals uses proteins 
similar to nematode proteins Ced-3, Ced-4, and Ced-9. These can  e 
thought of as relay proteins capa le of transducing apoptotc signal.

2. Death-signaling molecule is an external ligand released  y a 
neigh oring cell and  inds to a cell-surface receptor leading to 
actvaton of caspases and other enzymes that carry out apoptosis, 
without involving the mitochondrial pathway.

3. Two other types of alarm signals that can lead to apoptosis 
originate from inside cell rather than from cell-surface receptor:



A. One signal comes from the nucleus, generated when the DNA has 
sufered irrepara le damage.
B. The second comes from the endoplasmic retculum when 
excessive protein misfolding occurs. 

* Mammalian celli make life-or-death “deciiioni” by iomehow 
integratng the death iignali and life iignali they receive from theie 
external and internal iourcei.

* Apoptosis is essental for normal morphogenesis of hands and 
feet. Failure of appropriate apoptosis can result in we  ed fngers 
and toes.

* In Alzheimer’s disease, an accumulaton of aggregated proteins in 
neurons actvates an enzyme that triggers apoptosis, resultng in loss 
of  rain functon.

* Cancer can result from a failure of apoptosis; melanoma for 
example, have  een linked to faulty forms of the human version of 
the C. elegani Ced-4 protein. 



C h a p t e r 4

Membrane Potentals and Acton 
Potentals



Membrane Potentals and Acton Potentals
* Electrical potentals eeist across membranes of all cells.

* The inside surface of the membrane is negatiely charged 
in relaton to the outside and the outside surface is 
positiely charged in relaton to the inside. 

* Membrane potental is measured 
by small pipete flled with an 
electrolyte soluton (Silier-silier 
chloride soluton) and inserted into 
fber interior. Another electrode 
called indiferent electrode is 
placed in eetracellular fuid and 
potental diference between the 
inside and outside of the fber is 
measured using a  ioltmeter. 



* Membrane potental across the nerie fber at rest was found to 
be −90 mV and is called restng membrane potental (RMP) i.e. 
The potental inside the fber is 90 mV more negatie than the 
potental in the eetracellular fuid on the outside of the fber.

Restng membrane potental
* Defnitonn: RMP is a potental across the nerie fber at rest and 
it is equal −90 mV.

* Origin of RMPn:

1. Potassium leak channeln: 

- It leaks potassium ions to the outside eien 
in a restng cell.

- It may also leak sodium ions to the inside, 
but are about 100 tmes more permeable to 
potassium than to sodium.

- It contributes to -86 mV of the RMP



2. Na/K pump

- Contnually pumps three sodium ions to outside for eiery 
two potassium ions to cell inside leading to contnual loss of 
positie charges from inside, creatng an additonal degree 
of negatiity (contributes to about −4 mV additonal) on the 
inside.

- Therefore, K leak channels and Na/K pump giie a net 
membrane potental of −90 mV. 



Local potental (Graded potental)
* Defnitonn: Local potental is a local change in the membrane potental 
that can not spread along the nerie fber membrane. 

* Generaton of local potentaln:

When a subthreshold stmulus is applied to a nerie fber

conformatonal changes in actiaton gates of small number of ioltage- 
gated sodium channels         fipping gates all the way to the open positon 
membrane         sodium ions pour inward through channels        membrane 
potental becomes less negatie and rising from RMP of −90 mV to 
somewhere between −70 and −50 mV        returns to RMP without 
spreading along the nerie fber membrane i.e. local potental.



Acton potental
* Defnitonn: Acton potental is a rapid change in the membrane potental 
that spread rapidly along the nerie fber membrane. 

* Generaton of acton potentaln:

When a threshold stmulus is applied to a nerie fber the following 
successiie stages of acton potental occurn:

1. Depolarizaton stagen:

Membrane potental becomes less negatie than during the restng state

        rising from −90 mV toward zero         reaches a ioltage −70 to −50 mV  

        sudden conformatonal change 
in actiaton gates of large number of 
ioltage-gated sodium channels
           fipping gates all the way to 
open positon      sodium ions pour 
inward through channels, increasing 
membrane permeability to sodium 
as much as 500- 5000 fold. 



- The membrane potental at which most of ioltage-gated 
sodium channels open (about −65 mV) is called threshold 
potental or fring leiel.

- In large nerie fbers, the great eecess of positie sodium ions 
moiing to the inside causes the membrane potental to 
“oiershoot” beyond the zero leiel and to become positie.

- At a membrane potental +35 mV, the inactiaton gate of 
ioltage-gated sodium channels closes about 1 msec afer the 
actiaton gate opens.

2. Repolarizaton stagen:

When ioltage-gated sodium channels close        conformatonal 
opening of the gate of ioltage gated potassium        increased 
potassium difusion outward through the channel         return

membrane potental to −90 mV in about 2 msec i.e. full 
recoiery of RMP. 



3. Hyperpolarizaton stagen:

- Hyperpolarizaton stage is caused by contnual opening or 
delayed closure of ioltage-gated potassium channels rendering 
the membrane potental to eeceed the RMP i.e. more negatie 
inside the fber.

- Hyperpolarizaton stage is called afer potental and it lasts 
for about 4 msec.

 * A Positie-Feedback Cycle Opens Sodium Channels

Stmulaton of a nerie fber        rising membrane potental 
from −90 mV towards Zero leiel       opening of many ioltage-
gated sodium channels        rapid infow of sodium ions

          further rise in membrane potental       opening more 
ioltage-gated sodium channels and so on (Positie-feedback 
cycle).



* Re-establishment of RMPn: Performed by Na/K pump (recharging 
of the nerie) and required energy that deriied from ATP.

* Refractory periods of Acton Potental

1. Absolute Refractory Period (ARP)n:

- ARP is the period at which the nerie fber does not respond 
whateier was the strength of the stmulus.

- ARP coincides with depolarizaton stage of acton potental. 

2. Relatie Refractory Period (RRP)n:

- RRP is the period at which the nerie fber responds at the 
conditon that the stmulus was strong i.e. maeimum stmulus.

- RRP coincides with repolarizaton stage of acton potental.

* All-or-Nothing Principlen: means that once an acton potental has 
been elicited, the depolarizaton process traiels oier the entre 
membrane. Therefore, acton potental does not change in shape 
and amplitude on propagaton across a nerie fber. 



Propagaton of Acton Potental

* Acton potental is conducted across a nerie fber in two waysn:

1. Point to point conductonn: Occurs in unmyelinated nerie fbers

Mechanismn:

The acton potental is generated in 
nerie fber segment in response to 
threshold stmulus           atracton 
between positie and negatie 
charges of the adjacent segment

              local circuit currents (sink 
current)           opening of ioltage-
gated sodium channels of the 
adjacent segment        depolarizaton 
and generaton of acton potental in 
the adjacent segment and so on.



2. Saltatory conductonn: Occurs in myelinated nerie fbers

Mechanismn:

The acton potental is generated in 
nerie fber at node of Raniier 
(formed by multple layers of 
Schwann cell rotatng around the 
aeon and containing sphingomyelin) 
in response to threshold stmulus

           atracton between positie 
and negatie charges of the 
adjacent node                local circuit 

              currents (sink current)        opening of ioltage-gated sodium 
channels of the adjacent segment      depolarizaton and 
generaton of acton potental in the adjacent node and so on.
Saltatory conducton is 5-50 tmes faster than point to point 
conducton.



Plateau of Acton potental in heart muscle fbers
* The plateau of acton potental in heart muscle lasts for 0.2-0.3 
second and causes contracton of heart muscle to last for this same 
long period.

* The plateau of acton potental in heart muscle coincides with ARP 
which is a safety factor for the heart.

* Ion channels responsible for plateau in 
heart muscle includen:

1. In depolarizaton stagen:

A. Voltage-gated sodium channels, fast 
opening channelsn: allow sodium ions to 
enter the fber and cause spike porton 
of acton potental. 

B. Voltage-gated calcium channels, L-type calcium channels, slow 
opening channelsn: allows calcium ions to enter the fber and cause 
most of the plateau of acton potental.



2. In repolarizaton stagen:

A. Voltage-gated potassium channels, slow opening channelsn: allow 
potassium ions to eeit from the fber and partly responsible for the 
plateau in being delay the return of the membrane potental toward 
RMP. 

Rhythmicity of Some Eecitable Tissues—Repettie Discharge

* Rhythmicity or repettie discharges occurs inn:

1. Heart e.g. rhythmical heart beat.

2. Smooth muscle e.g. rhythmical peristalsis of intestne. 

3. Neurons e.g. rhythmical control of breathing.

* rhythmicity occur when the membrane is permeable enough to 
sodium or calcium ions through L-type calcium channels to allow 
automatc membrane depolarizaton. 

* The RMP in rhythmical control center of the heart is only −60 to −70 
mV, which is not enough negatie ioltage to keep sodium and calcium 
channels totally closed. 



* Therefore, the following sequence occursn:

Some sodium and calcium ions fow inward    increases 
membrane ioltage in positie directon         further increases in 
membrane permeability           depolarizaton             repolarizaton

        Hyperpolarizaton which gradually disappears, allowing the 
membrane potental to increase up to the threshold for 
depolarizaton again and a new acton potental occurs 
spontaneously (rhythmicity). 



C h a p t e r 5

Skeletal Muscle: Neuromuscular
Transmission and Contraction
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Skeletal Muscle
Skeletal Muscle Fiber

* Skeletal muscle is composed of numerous muscle fibers.
* Each muscle fiber extends the entire length of the muscle
and is usually innervated by only one nerve ending, located
near the middle of the fiber.
* The muscle fiber is surrounded by a thin membrane called
sarcolemma.
* Each muscle fiber contains several hundred to several
thousand myofibrils.
* Each myofibril is composed of about 1500 myosin
filaments and 3000 actin filaments.
* Myosin and actin filaments are partially interdigitate and
thus cause the myofibril to have alternate light and dark
bands.





* The light bands contain only actin filaments and are called I
bands.

* The dark bands contain myosin filaments, as well as the ends
of the actin filaments where they overlap the myosin, and are
called A bands.

* Light and dark bands give skeletal and cardiac muscle their
striated appearance (Striated muscles).

* The ends of the actin filaments are attached to a Z disk which
is composed of filamentous proteins different from the actin
and myosin filaments.

* The portion of the myofibril (or of the whole muscle fiber)
that lies between two successive Z disks is called a sarcomere.

* When muscle fiber is contracted, the length of the sarcomere
is shorten and actin filaments overlap myosin filaments.



* Titin protein

- Titin is a filamentous springy protein with a molecular
weight of about 3 million (one of the largest protein molecules
in the body) that Keep myosin and actin filaments in Place.

- One end of the titin molecule is elastic and is attached to the
Z disk, acting as a spring and changing length as the sarcomere
contracts and relaxes.
- The other part of the
titin molecule tethers it
to the myosin thick
filament.

- The titin molecule also
appears to act as a
template for initial
formation of myosin.



• Nebulin protein : inelastic protein, is a giant skeletal muscle
protein of about 6669 amino acids which forms an integral
part of the sarcomeric thin filament
– Alignment of A & M

* Sarcoplasm is the intracellular fluid between myofibrils and
contains large quantities of potassium, magnesium, phosphate,
multiple protein enzymes and tremendous number of
mitochondria that supply the contracting myofibrils with large
amounts of energy in the form of ATP.

* Sarcoplasmic reticulum (SR) is a specialized ER of skeletal
muscle that regulates calcium storage, release and reuptake
and therefore muscle contraction.



Molecular Characteristics of Contractile Filaments

* Myosin molecule: is composed of six polypeptide chains:

- Two heavy chains: wrap spirally
around each other to form a
double helix which is called tail of
myosin molecule. The end of each
heavy chain is folded into a
globular myosin head. Thus, there
are two heads at one end of
myosin molecule.

- Four light chains: are also part of
myosin head, two to each head.

* The tails of myosin molecules bundled together to form the body
of the filament and then extend as arms with the heads hang
outward to the sides of the body.



* The protruding arms and heads together are called cross-bridges.
Each cross-bridge is flexible at two points called hinges—one where
the arm leaves the body of myosin filament, and the other where the
head attaches to the arm.

* Myosin head functions as an adenosine triphosphatase (ATPase)
enzyme.



* The protruding arms and heads together are called cross-bridges.
Each cross-bridge is flexible at two points called hinges—one where
the arm leaves the body of myosin filament, and the other where the
head attaches to the arm.

* Myosin head functions as an adenosine triphosphatase (ATPase)
enzyme.

* Actin filaments: Composed of actin, tropomyosin and troponin:

1. Actin filament
- composed of two helical strands
of F-actin protein molecules.

- Each strand is composed of
polymerized G-actin molecules, to
each of which attached one
molecule of ADP.

- ADP molecules are believed to be active sites on actin filaments with
which cross-bridges of myosin interact to cause muscle contraction.



2. Tropomyosin Molecules

- Tropomyosin molecules are wrapped spirally around the sides
of the F-actin helix.

- In resting state, tropomyosin molecules lie on top of active
sites of actin strands so that attraction cannot occur between
actin and myosin filaments to cause contraction.

3. Troponin Complex

- Troponin protein complex are attached to tropomyosin
molecules.

- Troponin molecule is a complex of three protein subunits:

• Troponin I which has a strong affinity for actin.

• Troponin T which has a strong affinity for tropomyosin.

• Troponin C which has a strong affinity for calcium ions that
initiates muscle contraction.



Mechanism Of Skeletal Muscle Contraction
1. Action potential travels along a motor nerve to its endings on
muscle fibers (neuromuscular junction).

2. At each ending, nerve
secretes neurotransmitter
acetylcholine which
opens acetylcholine-
gated cation channels
sodium ions diffuse
through the channels
into muscle fiber
action potential

3. Action potential
spreads along the muscle
fiber membrane and
reaches T tubule-
sarcoplasmic reticulum
system



Activation of voltage sensitive dihydropyridine (DHP) receptors
linked to calcium release channels (ryanodine receptor) in
sarcoplasmic reticulum opening the Ca++ release channels and
permitting Ca++ to rapidly diffuse into the sarcoplasm.



4. At rest: the active sites on actin filament of the relaxed
muscle are inhibited or physically covered by the troponin-
tropomyosin complex. Consequently, the active sites on actin
filament cannot attach to the heads of myosin filaments to
cause contraction.

5. On activation: Calcium ions released from sarcoplasmic
reticulum combine with troponin C troponin complex
undergoes a conformational change that in some way tugs on
tropomyosin molecule and moves it deeper into the groove
between the two actin strands uncovers active sites of
actin that attract myosin cross-bridge heads and cause
contraction to proceed. How?



6. The “walk-along” (or “ratchet”) theory of contraction:

- When a myosin head attaches to an active site of actin changes
in the intramolecular forces between the head and arm of its cross-
bridge the head tilts toward the arm and drags actin filament
along with it (power stroke)                     actin filament moves one step

the head then automatically breaks away from the active site
to combine with a new active site and tilts again to cause a new
powerstroke and actin filament
moves another step. Thus,
myosin heads bend back and
forth and step by step walk
along actin filament, pulling
actin filaments toward the
center of myosin filament.

- Each one of the cross-bridges is believed to operate independently.
Therefore, the greater the number of cross-bridges in contact with
actin filament, the greater the force of contraction.



7. ATP as Energy Source for Contraction:

- Large amounts of ATP are cleaved to form ADP during
contraction process.

- Fenn effect: The greater the amount of work performed by the
muscle, the greater the amount of ATP that is cleaved.

- Before contraction begins, myosin heads bind with ATP. The
ATPase activity of the head immediately cleaves ATP but leaves
cleavage products ADP + phosphate bound to the head and
energy stored in the head.

- The stored energy activates the power stroke for pulling actin
filament.

- On detachment of the head from actin, ADP and phosphate
that were previously attached to the head forms a new molecule
of ATP which is cleaved to begin the next cycle.

8. Muscle relaxation: After contraction, calcium ions are actively
pumped back into sarcoplasmic reticulum and muscle relaxes.



Contraction and Relaxation of Skeletal Muscle





Muscle Potentials

* RMP is about −80 to −90 mV in skeletal fibers—the same as in
large myelinated nerve fibers.

* Duration of action potential is 1 to 5 ms in skeletal
muscle—about 5 times as long as in large myelinated nerves.

* Velocity of conduction is 3 to 5 m/sec—about 1/13 the velocity
of conduction in the large myelinated nerve fibers that excite
skeletal muscle.

Sources of Energy for Muscle Contraction
1. Phosphocreatine

- Carries a high-energy phosphate
bond which has a slightly higher
amount of free energy than that
of each ATP bond.
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Muscle Metabolism



- Phosphocreatine is instantly cleaved, and its released energy
causes bonding of a new phosphate ion to ADP to reconstitute the
ATP.

- The total amount of phosphocreatine in the muscle fiber is
small—only about 5 times as great as ATP. Therefore, the combined
energy of both stored ATP and phosphocreatine is capable of
causing maximal muscle contraction for only 5-8 seconds.

2. Glycolysis

- Glycogen stored in muscle cells is rapidly breakdown to pyruvic
acid and lactic acid and energy liberates which is used to convert
ADP to ATP.

- The importance of this glycolysis is that a) it can occur in the
absence of oxygen, so muscle contraction can be sustained up to a
minute and b) the rate of formation of ATP by the glycolytic process
is about 2.5 times as rapid as ATP formation in response to cellular
foodstuffs reacting with oxygen.



- Accumulation of end products of glycolysis in muscle cells loses
its capability to sustain maximum muscle contraction after 1
minute.

3. Oxidative metabolism

- means combining oxygen with end products of glycolysis and
with various other cellular foodstuffs to liberate ATP.

- Provides more than 95 % of all energy used by the muscles for
sustained, long-term contraction.

- For long-term maximal muscle activity over many hours, the
greatest proportion of energy comes from fats.

- For periods of 2-4 hours, as much as one half of energy comes
from stored carbohydrates.



Isometric and Isotonic  Muscle Contractions

* Isotonic contraction occurs
when the force of the muscle
contraction is greater than the
load and the tension on the
muscle remains constant during
the contraction; when the muscle
contracts, it shortens and moves
the load.

* Isometric contraction occurs
when the load is greater than the
force of the muscle contraction;
the muscle creates tension when
it contracts, but the overall
length of the muscle does not
change.



isometric system is often used when comparing functional
characteristics of different muscle types

- Ocular muscle has a duration of isometric contraction of less
than 1/50 sec: Ocular movements must be extremely rapid to
maintain fixation of the eyes on specific objects to provide
accuracy of vision.

- Soleus muscle has a duration of isometric contraction of about
1/5 sec: Soleus muscle is concerned with slow contraction for
continual, long-term support of the body against gravity.

- Gastrocnemius muscle has a
duration of isometric contraction
of about 1/15 sec:
Gastrocnemius muscle must
contract moderately rapid to
provide sufficient velocity of limb
movement for running and
jumping.



Fast Fibers (Type II, White Muscle) Slow Fibers  (Type 1, Red Muscle)

Larger Smaller

Innervated  by  larger  nerve fibers Innervated  by  smaller  nerve fibers

Have a  less extensive blood supply

because  oxidative metabolism  is  of secondary

importance.

Have a more extensive blood vessel

system to supply extra amounts of

oxygen.

- Have  fewer mitochondria because oxidative

metabolism is secondary.

- Have an extensive SR for  rapid  release  of

Ca++  to  initiate contraction.

Have  large number  of mitochondria

to  support  high  levels  of  oxidative

metabolism.

- Deficient in red myoglobin giving it the name

white muscle.

- Have large amounts of glycolytic enzymes for

rapid release of energy by the glycolytic process.

Contain large amounts of myoglobin

which gives slow muscle a reddish

appearance and  hence the name red

muscle.

Fast Versus Slow Muscle Fibers
Every muscle is composed of a mixture of fast and slow fibers: Muscle that
responds rapidly (e.g. anterior tibialis) is composed mainly of fast fibers and
muscle that responds slowly but with prolonged contraction (e.g. soleus) is
composed mainly of slow fibers.



Motor Unit
* Motor Unit: All the muscle
fibers innervated by a single
nerve fiber.

* Small muscles that require fine
control e.g. laryngeal muscles
have 2-3 muscle fibers per
motor unit whereas large
muscles that do not require fine
control e.g. soleus muscle have
several hundred muscle fibers
per motor unit.

* Muscle fibers in motor units
are overlapped in microbundles
allowing motor units to contract
in support of one another.



Multiple Fiber Summation

* When CNS sends a weak signal to a muscle, the smaller
motor units are stimulated  before larger motor units.

* As the strength of the signal increases, larger and larger
motor units begin to be excited, with the largest motor
units often having as much as 50 times the contractile force
of the smallest units. This phenomenon is called the size
principle and it is important because it allows the
gradations of muscle force.

* Single muscle fiber obeys all or non law. However, the
whole muscle contraction can be summated.



Frequency  Summation  and  Tetanization
* Individual simple muscle twitches occurring one after
another  at  low  frequency  of  stimulation.

* As frequency of stimulation increases, each new contraction
occurs before the preceding one is over the second
contraction  is  added  partially  to  the  first.

* More increasing in
frequency of stimulation

              rapid successive
contractions that fuse
together  and appear
to  be  smooth  and
continuous
(Tetanization).



Skeletal Muscle Tone
* Muscle tone means certain amount of tautness remains in
muscle at rest.

* skeletal muscle tone results from a low rate of nerve impulses
coming from the spinal cord. These nerve impulses are controlled
by 1) signals transmitted from the brain to the appropriate spinal
cord anterior motor neurons and by 2) signals that originate in
muscle  spindles  located  in  the muscle  itself.

Muscle Fatigue
* Prolonged and strong contraction of a muscle leads to muscle
fatigue. Muscle fatigue may result from:

1) Inability of contractile and metabolic processes of muscle fibers
to continue.

2) Decrease transmission through neuromuscular  junction.

3) Interruption  of  blood  flow  through  a  contracting muscle.



Muscle  Hypertrophy  and  Muscle  Atrophy
Muscle hypertrophy

* means increase of the total mass of a muscle.

* results from an increase in the number of actin and myosin
filaments in each muscle fiber (fiber hypertrophy).

* occurs when the muscle is loaded during the contractile process.

Muscle atrophy

*means decrease of the total mass of a muscle.

* Occurs in unused muscle for many weeks in which the rate of
degradation of contractile proteins is more rapid than the rate of
replacement.

* Degradation of contractile proteins occurs through ATP-dependent
ubiquitin-proteasome pathway. Proteasomes are large protein
complexes that degrade damaged or unneeded proteins by
proteolysis. Ubiquitin is a regulatory protein that labels which cells
will be targeted for proteosomal degradation.



Hyperplasia of Muscle Fibers

* means a few percent increase in the actual number of muscle fibers
under extreme muscle force generation. The increase in fiber number
is called fiber hyperplasia.

Muscle Denervation

* Muscle denervation causes muscle atrophy which begins
immediately. After about 2 months, degenerative changes begin
to  appear  in  muscle  fibers.

* If nerve supply grows back rapidly, full return of function can
occur in 3 months, then, the capability of functional return becomes
less and less, with no further return of function after 1-2 years.

* In final stage of denervation atrophy, most of muscle fibers are
destroyed and replaced by fibrous and fatty tissue which has a
tendency to continue shortening for many months (contracture).

* One problem in physical therapy is to keep atrophying muscles from
contractures. This goal is achieved by daily stretching of the muscles.



































































































































Chapter 8

Red Blood Cells, Anemia,
and Polycythemia



Red Blood Cells (Erythrocytes)

Shape of  RBCs

* Normal RBCs are biconcave disks and can change remarkably as  
they squeeze through capillaries.

Concentraton  of  RBCs  in  blood

* In healthy men, the average number of RBCs per cubic m m is 
5,200,000±300,000; in women, it is 4,700,000±300,000.

* Persons  living  at high  alttudes have  greater numbers of RBCs.

Quantty of hemoglobin  in RBCs

* The whole blood of men contains an average of 15 gm 
hemoglobin/100 ml; for  women, it  contains an average of 14 gm/100 
ml.

* Each gram of hemoglobin can combine with 1.34 ml of oxygen. 
Therefore, in a normal man a maximum of about 20 ml of oxygen can 
be carried in combi naton with hemoglobin in each 100 ml of blood, 
and  in  a normal woman 19 ml of oxygen can be carried.



Areas of the body that produce RBCs

* In early weeks of embryonic life, primitve, nucleated RBCs are 
produced in yolk  sac.

* During the middle trimester of gestaton, liver is the main organ for 
producton of RBCs, but reasonable numbers are also produced in spleen 
and lymph nodes.

* During the last month of gestaton and afer birth, RBCs are produced 
exclusively in bone marrow.

- Beyond this age, most RBCs contnue to be pro duced in the marrow 
of membranous bones, such as vertebrae, sternum, ribs, and ilia.

- Bone marrow of all bones produces 
RBCs untl a person is 5 years old.

- The marrow of long bones, except 
for proximal portons of humeri and 
tbiae, becomes quite faty and 
produces no more RBCs afer about 
age 20 years.



Genesis of RBCs

* RBCs begin their 
lives in bone 
marrow from a 
single type of cell  
called 
pluripotental 
hematopoietc 
stem cell, from 
which all blood 
cells are 
eventually 
derived.  

* Pluripotental stem cells become commited stem cells to a partcular 
line of cells. A commited stem cell that produces erythrocytes is  called 
 a  colony-forming  unit–erythrocyte (CFU-E).  



Stages of diferentaton of RBCs

* The  frst  cell  that  can  be  identfed  as  belonging  to  RBC  series  is  
the proerythroblast formed from CFU E stem cells.

* The proerythroblast divides to form basophil erythroblasts (stain with 
basic dyes) which accumulate very litle hemoglobin.

* The cells become flled 
with hemoglobin and 
called  Polychromatophil 
erythroblast.

* The nucleus condenses to 
a small size and the cell 
called orthochromatc 
erythroblast, which 
extrudes its nucleus to 
from a retculocyte.

* During this retculocyte stage, the cells pass from bone marrow into 
blood capillaries by diapedesis to become mature erythrocytes.  



* Growth inducers control growth and reproducton of diferent 
stem cells e.g. interleukin-3.

* Diferentaton  inducers causes one type of commited stem cell 
to diferentate one or more steps toward a fnal adult blood cell.

* Formaton of  growth  and diferentaton inducers is controlled 
by factors outside bone marrow e.g. in case of RBCs, exposure of 
blood to low oxygen for a long tme causes growth inducton, 
diferentaton and producton of greatly increased numbers of 
RBCs.

Regulaton of RBCs Producton

I. Tissue oxygenaton

Conditons that decrease tssue oxygenaton (hypoxia) increase the 
rate of RBC producton. These conditons include low blood 
volume, anemia, low hemoglobin, poor blood fow and pulmonary 
disease. 



II. Erythropoietn

* The principal stmulus for RBC 
producton in hypoxia is a 
circulatng  hormone  called  
erythropoietn, a glycoprotein with 
a molecular weight of about 
34,000.

* In the absence of erythropoietn, 
hypoxia has litle or no efect to  
stmulate RBC producton. 
However, when erythropoietn 
system is functonal, hypoxia  
causes a marked increase in  
erythropoietn producton and 
erythropoietn, in turn, enhances 
RBC producton untl hypoxia is 
relieved.



Erythropoietn is formed mainly in the kidneys

* Normally, about 90% of erythropoietn is formed in the kidneys,  
and  the remainder 10% is formed mainly in the liver.

* Erythropoietn is suggested to be secreted by fbroblast- like 
intersttal cells surrounding renal tubules and also by renal 
epithelial cells.

* Renal tssue hypoxia leads to increased tssue levels of hypoxia-
inducible factor–1 (HIF 1), which binds to a hypoxia response 
element in erythropoietn gene, inducing transcripton of mRNA 
and, ultmately, increased erythropoietn synthesis.

* When  both  kidneys  are  removed  from  a  person  or when  
kidneys  are  destroyed  by  renal  disease e.g. renal failure,  the 
person becomes anemic because the 10 % of normal  
erythropoietn  formed  in  liver is sufcient to cause only one third 
to one half the RBC formaton needed by the body.



Erythropoietn Stmulates Producton of Proerythroblasts from  
Hematopoietc Stem Cells

* When a person is placed in an atmosphere of low oxygen,  
erythropoietn begins to be formed within minutes to hours, and it 
 reaches maximum  producton within 24 hours.

* New RBCs appear in the circulatng blood about 5 days later.

* Erythropoietn stmulates producton of proerythroblasts from 
hematopoietc stem cells in the bone marrow.

* Then, erythropoietn causes proerythroblasts to pass rapidly 
through diferent erythroblastc stages to produce new RBCs which 
contnues as long as the person remains in a low oxygen state or 
untl enough RBCs have been produced to carry adequate amounts 
of oxygen to tssues; at this tme, the rate of erythropoietn 
producton decreases to its basal level.



Maturaton of RBCs Requires Vitamin B12 and Folic Acid

* Vitamin B12 and folic acid are required for formaton of 
thymidine triphosphate,  one of the essental building blocks of 
DNA. Therefore, lack of either vitamin B12 or folic acid causes 
abnormal and diminished DNA and, consequently, failure of 
nuclear maturaton and erythroblastc cell division.

* Instead, erythroblastc cell produce larger oval cells than normal 
RBCs called macrocytes which are capable of carrying oxygen 
normally, but their fragility causes them to have a short life, one 
half to one- third  normal.

Maturaton  Failure of RBCs caused by:  

1. Poor  Absorpton of Vitamin  B12  from  GIT—Pernicious Anemia

* Parietal cells of stomach secrete a glycoprotein called intrinsic 
factor (IF), which combines with vitamin B12 in food and protects 
it from digeston by gastric secreton. 



* IF with vitamin B12 leave stomach and IF binds to its receptor on 
mucosal cells in the ileum and then vitamin B12 is transported into 
 blood by pino cytosis and stored in liver to be released slowly as 
needed by bone marrow.

* Lack of IF, therefore, decreases availability of vitamin B12 
resultng in maturaton failure of RBCs and pernicious Anemia.

* The minimum amount of vitamin B12 required each day to 
maintain normal RBC maturaton is only 1 to 3 micrograms.

2. Maturaton  Failure  Caused  by  Folic  Acid Defciency

* Folic acid is a normal con sttuent of green vegetables, some  
fruits, and  meats (especially liver). However, it is easily destroyed  
during cooking.

* People with gastrointestnal absorpton abnormalites such  as a 
small intestnal disease called sprue, have serious difculty in 
absorbing both folic acid and vitamin B12, resultng in maturaton 
failure of RBCs.



Hemoglobin  
* Synthesis of Hb begins in proerythroblasts and contnues to 
retculocyte  stage  of  RBCs. 

* Each Hb molecule consists of 4 heme chains 
and 4 globin polypeptdes.

* Each heme chain consists of protoporphy rin 
IX (4 pyrrole molecules) combines with iron.

* Each globin polypeptde is synthesized  by 
ribo somes forming a subunit of Hb (Hb chain).

* The diferent types of chains are designated 
as alpha, beta, gamma and delta chains.

* Adult Hb A is a combinaton of two alpha 
chains and two beta chains whereas Fetal Hb is 
a combinaton of two alpha chains and two 
gamma chains.

* The type of Hb chains determine the binding afnity of Hb for oxygen. 
Fetal Hb has a higher afnity for oxygen than adult Hb.  



* Abnormalites of the chains can alter the physical characteristcs  
of Hb molecule. For  instance, in sickle cell anemia, the  amino  
acid valine is substtuted for glutamic acid in each of the two beta 
chains. When this type of Hb is exposed to low oxygen, it forms 
elongated crystals inside RBCs which make it impossible for RBCs 
to pass through small capillaries, and spiked ends of crystals  
rupture cell membranes.

Hemoglobin Combines Loosely And Reversibly With Oxygen

* Oxygen binds loosely with one of the so-called coordinaton 
bonds of iron atom. This bond is extremely loose, so the com 
binaton is easily reversible.

* Oxygen is carried as molecular oxygen to tssues, where, because 
of the loose and reversible combina ton, it is released into tssue 
fuids stll in the form of molecular oxygen rather than ionic 
oxygen.



Iron Metabolism
*The total quantty of iron in the body averages 4-5 grams:

- About 65 % in the form of Hb

- About 4 % in the form of myoglobin

- 1 % in the form of various heme compounds that promote 
intracellular oxidaton

- 0.1 % is combined with the protein transferrin in plasma

- 15-30 % is stored for later use, mainly in RES and liver parenchymal 
cells, principally in the form of ferritn.

Transport and Storage of Iron

* When iron is absorbed from small intestne, it immediately 
combines in plasma with a beta globulin, apotransferrin, to form  
transferrin, which is then transported in plasma and released iron to 
any cell. 



* In the cell cytoplasm, iron combines mainly with a protein, 
apoferritn, to form ferritn which is stored for later use.

* Small quanttes of iron are in an insoluble form called 
hemosiderin which is stored in the form of large clusters that can be 
 observed microscopically. In contrast, ferritn partcles are so small 
and dispersed that can be seen only with electron microscope.



* When iron in plasma falls, some of iron in ferritn storage pool is 
removed and transported in the form of transferrin to needed organs.

* Transferrin molecule binds strongly with receptors in cell membranes 
of erythro blasts in bone marrow. Then, it is ingested into erythroblasts 
by endocytosis and transferrin delivers iron directly to mitochondria, 
where heme is synthesized. In people who do not have adequate 
quanttes of transferrin, failure to transport iron to erythroblasts can 
cause hypochromic anemia.

Daily Loss of Iron

* A man excretes about 0.6 mg of iron daily, mainly  into  feces. For a 
woman, addi tonal menstrual loss of blood brings long- term iron loss 
to an average of 1.3 mg/day.

Absorpton of Iron from Intestnal Tract

* Iron absorpton from intestnes is extremely slow, at a maximum rate 
of a few milligrams per day. This means that when large amounts of 
iron are present in food, only small proportons can be absorbed.



Regulaton  of  Total  Body  Iron  by  Controlling  Rate of  Absorpton

When the body has become saturated with iron (all apoferritn 
combined with iron), the  rate of additonal iron absorpton from GIT 
decreased. Conversely, when iron stores depleted, the rate of 
absorpton can accelerate fve or more tmes normal.

 Life Span OF RBCs Is About 120 Days

* Mature RBCs do not have a nucleus, mitochondria or ER, they do 
have cytoplasmic enzymes that are capable of metabolizing glucose 
and forming ATP. These enzymes also (1) maintain pliability of cell 
membrane, (2) maintain membrane transport of ions, (3) and keep 
iron of Hb in ferrous form rather than ferric form.

Destructon of Hemoglobin by Macrophages

* When RBCs burst, Hb is phagocytzed by macrophages and iron 
released into blood to be used for synthesis of new Hb. The porphyrin 
porton is converted by macrophages to bile pigment bilirubin, which is 
removed by secreton through liver into bile. 



Anemias
Anemia means defciency of Hb in blood, which can be caused by 
either few RBCs or litle Hb in cells.

Types  of  anemia

1. Blood Loss Anemia: Caused by hemorrhage and chronic blood loss 
in which a person cannot absorb enough iron to form Hb as rapidly as 
it is lost. RBCs are smaller than normal and have litle Hb, giving rise to 
microcytc hypochromic anemia. 

2. Aplastc Anemia: Due to bone marrow dysfuncton caused by 
exposure to radiaton or chemotherapy, toxic chemicals e.g. 
insectcides or benzene and autoimmune disorders such as lupus 
erythematosus. In about half of aplastc anemia cases the cause is 
unknown (idiopathic aplastc Anemia). People with severe aplastc 
anemia usually die unless they are treated with blood transfusions or 
by bone marrow transplantaton.



3. Megaloblastc  Anemia: caused by lack of vitamin B12, folic acid or 
IF. RBCs grow large, with odd shapes, and are called megaloblasts. 
Atrophy of stomach mucosa, gastrectomy or intestnal sprue can lead 
to megaloblastc anemia. RBCs are capable of carrying oxygen 
normally, but their fragility causes them to have a short life, one- half 
to one- third  normal.

4. Hemolytc  Anemia:

A. Hereditary spherocytosis in which RBCs are small and spherical 
rather than biconcave disks. Upon passing through splenic pulp and 
tght vascular beds, they are easily ruptured.

B. Sickle cell anemia which is present in 0.3-1.0 % of West African and 
American blacks, RBCs have an abnormal type of Hb called Hb S, 
containing faulty beta chains (valine is substtuted for glutamic acid). 
When this type of Hb is exposed to low oxygen, it forms elongated 
crystals inside RBCs which make it impossible for RBCs to pass through 
small capillaries, and spiked ends of crystals rupture cell membranes.



C. Erythroblastosis  fetalis in which Rh + RBCs in fetus are atacked by 
antbodies from an Rh- mother. These antbodies make the Rh + RBCs 
fragile, leading to rapid rupture and causing the child to be born with a 
serious case of anemia.

Polycythemia

1. Secondary Polycythemia: occurs upon hypoxia in which bone marrow 
produces extra RBCs reaching an count of 6-7 million/mm3, about 30 % 
above normal. This physiological polycythemia occurs in natves who live 
at alttudes.

2. Polycythemia Vera (Erythremia): a pathological conditon in which 
RBC count may be 7-8 million/mm3 and hematocrit may be 60-70 % 
instead of the normal 40-45 %. Polycythemia vera is caused by a genetc 
aberraton in hemocytoblastc cells that no longer stop producing RBCs 
causing excess RBCs producton and total blood volume increases, 
sometmes twice normal. As a result, vascular system becomes engorged 
and blood viscosity may increase from the normal of 3 tmes the viscosity 
of water to 10 tmes that of water.



Chapter 9

Leukocytes, Granulocytes, the

Monocyte-Macrophage System, and 

Infammaton



Leukocytes (white blood cells)
* Leukocytes are formed partally in bone marrow (granulocytes 

and monocytes and a few lymphocytes) and partally in lymph 

tssue (lymphocytes)c

* The real value of leukocytes is that most of them are 

specifcally transported to areas of serious infecton and 

infammaton, thereby providing a rapid and potent defense 

against infectous agentsc
 

Types of White Blood Cells

1c Polymorphonuclear cells: neutrophils, eosinophils and 

basophils

2c Monocytes

3c Lymphocytes

* Polymorphonuclear cells have a granular appearance 

(Granulocytes) with multple nucleic



* Granulocytes and monocytes protect the body against 

invading organisms by phagocytosis or by releasing 

antmicrobial or infammatory substances that have multple 

efects that aid in destroying the ofending organismc

* Lymphocytes functon mainly in connecton with the immune 

systemc

Concentratons of White Blood Cells

The adult human being has about 7000 WBCs per microliterc The 

normal percentages of the diferent types are approximately the 

following:
62c0% Neutrophils

2c3% Eosinophils 

0c4% Basophils

5c3% Monocytes

30c0% Lymphocytes



Genesis of White Blood Cells

* Pluripotental hematopoietc stem cell diferentates into cells 

commited to form WBCsc Two  lineages of WBCs are formed:

1c Myelocytc lineage which begins with myeloblastc

2c Lymphocytc lineage which begins with lymphoblastc

* Granulocytes and monocytes are formed only in bone marrowc

* Lymphocytes are produced mainly in lymphogenous tssues ecgc 

lymph glands, spleen, thymus, tonsils, and various pockets of 

lymphoid tssue in the body ecgc bone marrow and Peyer’s patchesc

* The WBCs formed in bone marrow are stored within the marrow 

untl they are needed in the circulatory systemc

* Normally, about 3 tmes as many WBCs are stored in bone 

marrow as circulate in the entre bloodc This quantty represents 

about a 6-day supply of these cellsc

* Lymphocytes are mostly stored in lymphoid tssues, except for a 

small number that are temporarily being transported in bloodc 



Life Span of White Blood Cells
* The life of granulocytes afer being released from bone marrow is 

normally 4 to 8 hours circulatng in blood and another 4 to 5 days in 

tssuesc In tmes of serious tssue infecton, this total life span is 

ofen shortened to only a few hoursc

* Monocytes also have a short transit tme, 10 to 20 hours in blood, 

before wandering through capillary membranes into tssuesc Once in 

tssues, they swell to much larger si`es to become tssue 

macrophages, and, in this form, they can live for months unless 

destroyed while performing phagocytc functonsc

* Lymphocytes enter the circulatory system contnually, along with 

drainage of lymph from lymph nodes and other lymphoid tssuec 

Afer a few hours, they pass out of the blood back into tssues by 

diapedesisc Then they re-enter the lymph and return to blood again 

and again; thus, there is contnual circulaton of lymphocytes 

through the bodyc The lymphocytes have life spans of weeks or 

months, depending on the body’s need for these cellsc



Neutrophils and Macrophages
Defend against infectons

* Neutrophils and tssue macrophages are the main cells that 

atack and destroy invading bacteria, viruses, and other 

injurious agentsc

* Neutrophils are mature cells that can atack and destroy 

bacteria even in the circulatng bloodc

* Conversely, tssue macrophages begin life as blood monocytes, 

which are immature cells and have litle ability to fght 

infectous agentsc However, once they enter the tssues, they 

begin to swell and are now called macrophages, and they are 

extremely capable of combatng disease agents in tssuesc

White Blood Cells Enter the Tissue Spaces by Diapedesis

* Neutrophils and monocytes can squee`e through the pores of 

the blood capillaries by diapedesisc



White Blood Cells Move Through Tissue Spaces by Ameboid Moton

* Both neutrophils and macrophages can move through the tssues by 

ameboid motonc 

White Blood Cells Are Atracted to 

Infamed Tissue by Chemotaxis
* Many diferent chemical substances 

in tssues cause both neutrophils and 

macrophages to move toward the 

source of the chemical (Chemotaxis)c

* When a tssue becomes infamed at 

least a do`en diferent products that 

can cause chemotaxis toward the 

infamed area are formedc They 

include 1) some of bacterial or viral

toxins, 2) degeneratve products of infamed tssues, (3) several 

reacton products of “complement complex” actvated in infamed 

tssues, and (4) several reacton products caused by plasma cloeng in 

infamed areac



* Chemotaxis depends on the concentraton gradient of the 

chemotactc substancec The concentraton is greatest near the source, 

which directs the unidirectonal movement of the WBCsc

* Chemotaxis is efectve up to 100 micrometers away from an 

infamed tssuec Therefore, because almost no tssue area is more 

than 50 micrometers away from a capillary, the chemotactc signal can 

easily move hordes of WBCs from capillaries into infamed areac

Phagocytosis
* Phagocytosis means cellular ingeston of ofending agents and it is 

performed mostly by neutrophils and macrophagesc

* Phagocytosis depends on 3 selectve procedures:

1c Smooth surfaces of tssues resist phagocytosis while rough surfaces 

increased phagocytosis c

2c Most natural substances of the body have protectve protein coats 

that repel phagocytes while most dead tssues and foreign partcles 

have no protectve coats, which makes them subject to phagocytosisc



3c The immune system  develops antbodies against bacteriac The 

antbodies then adhere to the bacterial membranes and thereby 

make bacteria tasty for phagocytosis (Opsoni`aton)c

Phagocytosis by Neutrophils
* The neutrophil frst ataches to the partcle and then projects 

pseudopodia in all directons around the partclec

* The pseudopodia meet one another on the opposite side and 

fuse, creatng an enclosed chamber that contains the 

phagocyt`ed partclec

* Then the chamber invaginates to the inside and breaks away 

from the outer cell membrane to form a phagocytc vesicle inside 

the cytoplasmc

* A single neutrophil can usually phagocyt`e 3 to 20 bacteria 

before the neutrophil becomes inactvated and diesc



Phagocytosis by Macrophages
* Macrophages are much more powerful phagocytes than 

neutrophils, ofen capable of phagocyt`ing as many as 100 

bacteriac

* Macrophages have the ability to engulf much larger partcles, 

even whole RBCs, whereas neutrophils are not capable of 

phagocyt`ing partcles much larger than bacteriac

* Afer digestng partcles, macrophages can extrude residual 

products and ofen survive and functon for many more monthsc

Once Phagocyt`ed, Most Partcles Are Digested by Intracellular 

En`ymes

* Once a foreign partcle has been phagocyt`ed, lysosomes in 

neutrophils or macrophages immediately come in contact with the 

phagocytc vesicle, and their membranes fuse, thereby dumping 

their digestve en`ymes and bactericidal agents into the vesicle to 

become now a digestve vesicle where digeston occursc 



* Lysosomes of both neutrophils and macrophages contain 

proteolytc en`ymes which digest bacteriac

* Lysosomes of macrophages (but not of neutrophils) contain lipases 

which digest thick lipid membranes of some bacteria such as 

tuberculosis bacillusc

Neutrophils and Macrophages Can Kill Bacteria
* In additon to digeston of bacteria, neutrophils and macrophages 

contain bactericidal agents that kill most bacteria even when 

lysosomal en`ymes fail to digest themc

* Bactericidal agents are powerful oxidi`ing agents and include 

superoxide (O2−), hydrogen peroxide (H2O2), and hydroxyl ions 

(OH−), which are lethal to most bacteriac

* The lysosomal en`yme myeloperoxidase cataly`es the reacton 

between H2O2 and chloride ions to form hypochlorite, which is 

exceedingly bactericidalc

* Some bacteria have coats that are resistant to lysosomal digeston 

making them responsible for chronic diseases ecgc tuberculosisc



Monocyte-macrophage Cell System (RES)
* Afer entering tssues and becoming tssue macrophages, another 

large porton of monocytes remains atached to tssues for months 

or even years untl they are called on to perform specifc local 

phagocytc functons or they can break away from their 

atachments and once again become mobile macrophages that 

respond to chemotaxisc 

* The total combinaton of monocytes, mobile macrophages, fxed 

tssue macrophages, and a few speciali`ed endothelial cells in bone 

marrow, spleen, and lymph nodes is called RES system or 

monocyte-macrophage cell systemc

Macrophages in Skin and Subcutaneous Tissues (Histocytes)

When infecton begins in a subcutaneous tssue and local 

infammaton ensues, local tssue macrophages (histocytes) divide 

in situ and form more macrophages to combat infectous agentsc



Macrophages in Lymph Nodes
* The foreign partcles enter the lymph and fow to lymph nodes 

through aferent lymphatcs, then through nodal medullary sinuses, 

and fnally passing out the hilus into eferent lymphatcs that 

eventually empty into venous bloodc

* Large numbers of tssue 

macrophages line lymph sinuses, and 

if any partcles enter the sinuses, 

macrophages phagocyt`e them and 

prevent general disseminaton 

throughout the bodyc

Alveolar Macrophages in Lungs
* Large numbers of tssue macrophages are present in alveolar walls to 

phagocyt`e partcles 1) If the partcles are digestble, the macrophages

Digest, 2) If the partcle is not digestble, the macrophages form a 

“giant cell” capsule around the partcle to be slowly dissolved ecgc 

capsules are formed around tuberculosis bacilli and silica dust partclesc



Macrophages (Kupfer Cells) in the Liver Sinusoids

Liver sinusoids are lined with 

tssue macrophages called 

Kupfer cells which form an 

efectve partculate fltraton 

system that almost none of 

bacteria from GIT pass from 

portal blood into general 

systemic circulatonc 

Macrophages of Spleen and Bone Marrow
* In spleen and bone marrow, macrophages are entrapped by 

retcular meshwork of the two organs and when foreign partcles 

come in contact with these macrophages, they are phagocyt`edc

* The spleen is similar to lymph nodes, except that blood, instead 

of lymph, fows through the tssue spaces of the spleenc



* The fgure shows that a small artery penetrates from splenic 

capsule into splenic pulp and terminates in small capillariesc

* The capillaries are highly porous, allowing whole blood to pass out 

of capillaries into cords of red pulpc

* The blood then gradually 

squee`es through the trabecular 

meshwork of these cords and 

eventually returns to circulaton 

through endothelial walls of 

venous sinusesc

* The trabeculae of red pulp and 

venous sinuses are lined with 

vast numbers of macrophagesc

* This peculiar passage of blood through cords of red pulp of the 

spleen provides an exceptonal means of phagocyt`ing unwanted 

debris in blood, including old and abnormal RBCsc



Infammaton
* When tssue injury occurs, multple substances are released by the 

injured tssue and cause dramatc secondary changes in the 

surrounding uninjured tssuesc This entre complex of tssue changes is 

called infammatonc

* Infammaton is characteri`ed by (1) vasodilaton of local blood 

vessels, with excess local blood fow; (2) increased permeability of 

capillaries, allowing leakage of fuid into intersttal spaces; (3) cloeng 

of fuid in intersttal spaces because of increased amounts of 

fbrinogen leaking from capillaries; (4) migraton of large numbers of 

granulocytes and monocytes into tssue; and (5) swelling of tssue cellsc

* Some of tssue products that cause these reactons are histamine, 

bradykinin, serotonin, prostaglandins, reacton products of 

complement system, reacton products of blood cloeng system, and 

lymphokines that are released by sensit`ed T cellsc

* Several of these substances strongly actvate macrophage system, 

and within a few hours, macrophages begin to phagocyt`e destroyed 

tssuesc  



“Walling-Of” Efect of Infammaton 
* One of the frst results of infammaton is to “wall of” the area of 

injury from the remaining tssuesc

* Tissue spaces and lymphatcs in the infamed area are blocked by 

fbrinogen clots which delays spread of bacteria or toxic productsc

* The intensity of the infammatory process is proportonal to the 

degree of tssue injuryc For instance, when staphylococci invade 

tssues, they release extremely lethal cellular toxinsc As a result, 

infammaton develops rapidly and the walling-of process also 

develops rapidly, preventng staphylococcal infecton from spreading 

through the bodyc 

* Streptococci, in contrast, do not cause such intense local tssue 

destructonc Therefore, the walling-of process develops slowly, 

allowing streptococcal infecton to spread through the body and 

cause death than do staphylococci, even though staphylococci are 

far more destructve to tssuesc



Tissue macrophages provide a frst line of defense
* Within minutes afer infammaton begins, macrophages already 

present in tssues immediately begin their phagocytc actonsc

* When actvated by tssue products of infecton and infammaton, 

tssue macrophages undergo rapid enlargement and many of the 

sessile macrophages break loose from their atachments and become 

mobile, forming the frst line of defense against infecton during the 

frst hour or soc

* The numbers of these early mobili`ed macrophages ofen are not 

great, but they are lifesavingc

Neutrophil invasion of infamed area is a second line of defense
* Within the frst hour afer infammaton begins, large numbers of 

neutrophils begin to invade the infamed area from the bloodc This 

invasion is caused by infammatory cytokines (ecgc, tumor necrosis

factor and interleukin-1) produced by infamed tssues that initate 

the following reactons:



1c They cause increased expression of adhesion molecules ecgc selectns 

and intercellular adhesion molecule–1 (ICAM-1) on the surface of 

endothelial cells in capillaries and venulesc These adhesion molecules, 

reactng with complementary integrin molecules on the neutrophils, cause 

neutrophils to stck to capillary and venule walls in infamed areac This 

efect is called marginatonc

3c They then cause chemotaxis of neutrophils toward injured tssuesc Then 

neutrophils immediately begin their scavenger functons of killing bacteria 

and removing foreign materc

2c They also cause 

intercellular atachments 

between endothelial cells 

of capillaries and small 

venules to loosen, allowing 

openings large enough for 

neutrophils to crawl from 

blood into tssues by 

diapedesisc



Neutrophilia
* Within a few hours afer the onset of acute, severe infammaton, 

the number of neutrophils in the blood sometmes increases 

fourfold to fvefold—from a normal of 4000-5000 to 15,000-25,000 

neutrophils per microliterc Such acute increase in the number of 

neutrophils in the blood is called neutrophiliac

Second Macrophage Invasion into Infamed Tissue Is a Third 

Line of Defense
* At the beginning of infammaton, the number of monocytes in 

blood and bone marrow stores is much less than neutrophilsc 

Therefore, the buildup of macrophages in the infamed tssue area is 

slower than that of neutrophilsc

* Afer several days of infammaton, macrophages fnally come to 

dominate neutrophils because of greatly increased bone marrow 

producton of new monocytesc This is the second macrophage 

invasion into infamed tssue  (Third line of defense)c 



Increased Producton of Granulocytes and Monocytes by 

Bone Marrow Is a Fourth Line of Defense
* The fourth line of defense is greatly increased producton of 

granulocytes and monocytes by bone marrowc This acton results 

from stmulaton of granulocytc and monocytc progenitor cells of 

the marrowc It takes 3 to 4 days before newly formed granulocytes 

and monocytes reach the stage of leaving bone marrowc

* If the stmulus from infamed tssue contnues, bone marrow can 

contnue to produce these cells in tremendous quanttes for months 

and even years, sometmes at a rate 20 to 50 tmes normalc

Feedback Control of the Macrophage and Neutrophil 

Responses
* Five factors are believed to play dominant role in control of 

macrophage response to infammaton:

1c Tumor necrosis factor (TNF)

2c Interleukin-1 (IL-1)



3c Granulocyte-monocyte colony-stmulatng factor (GM-CSF)

4c Granulocyte colony-stmulatng factor (G-CSF) and

5 Monocyte colony-stmulatng factor (M-CSF)c

* These factors are formed by 

actvated macrophages in infamed 

tssuesc

* These factors increased 

producton of granulocytes and 

monocytes by bone marrowc

* The combinaton of TNF, IL-1, and 

colony-stmulatng factors provides 

a powerful feedback mechanism 

that begins with tssue 

infammaton and proceeds to 

formaton of large numbers of 

defensive WBCs that help remove 

the cause of the infammatonc



Formaton of Pus

* When neutrophils and macrophages engulf large numbers

of bacteria and necrotc tssue, all neutrophils and most of 

macrophages eventually diec

* Afer several days, the cavity in the infamed tssue contains 

varying portons of necrotc tssue, dead neutrophils, dead 

macrophages, and tssue fuidc This mixture is called pusc

* Afer the infecton has been suppressed, dead cells and 

necrotc tssue in the pus gradually autoly`e over a period of 

days, and the end products are eventually absorbed into 

surrounding tssues and lymphc



Eosinophils
* Eosinophils are weak phagocytes and they exhibit chemotaxisc

* Eosinophils are produced in large numbers in people with 

parasitc infectonsc 

* Eosinophils atach themselves to parasites by special surface 

molecules and release substances that kill many parasitesc For 

instance, eosinophils atach themselves to juvenile forms of 

schistosomiasis parasite and kill many of them by: 

1c releasing hydrolytc en`ymes from their granules, which are 

modifed lysosomes

2c releasing highly reactve forms of oxygen

3c releasing a highly larvacidal polypeptde called major basic 

proteinc

* Trichinosis is another parasitc disease that causes eosinophilia, 

resultng from invasion of body’s muscles by Trichinella parasite 

(“pork worm”) afer a person eats undercooked infested porkc



Basophils
* Basophils in the circulatng blood are similar to the large 

tssue mast cellsc

* Both mast cells and basophils liberate heparin 

(antcoagulant), histamine, bradykinin and serotoninc

* The mast cells and basophils play an important role in allergic 

reactons How?

- Immunoglobulin E (IgE) atached to mast cells and basophilsc

- Then, the specifc antgen reacts with IgE, causing mast cell or 

basophil to rupture and release large quanttes of histamine, 

bradykinin, serotonin, heparin, slow-reactng substance of 

anaphylaxis (a mixture of three leukotrienes), and a number of 

lysosomal en`ymesc

- These substances cause local vascular and tssue reactons 

that cause most of allergic manifestatonsc 



Leukopenia
* Leukopenia is a clinical conditon in which bone marrow 

produces few WBCs which leaves the body unprotected against 

many bacteria and other invadersc

* Normally, human body lives in symbiosis with bacteria:

- The mouth and respiratory tract contains various spirochetal, 

pneumococcal, and streptococcal bacteriac 

- The distal GIT is loaded with colon bacillic

- Surfaces of eyes, urethra and vagina have bacteriac

* Leukopenia allows invasion of adjacent tssues by these bacteria 

and ulcers may appear in the mouth and colon, or some form of 

severe respiratory infecton might develop, and  death may occur 

within a weekc

* Exposure to x- or gamma rays, or to drugs and chemicals that 

contain ben`ene or anthracene nuclei, is likely to cause bone 

marrow aplasiac Indeed, chloramphenicol (an antbiotc), 

thiouracil (treat thyrotoxicosis) may cause leukopeniac



Leukemias
* Leukemias are uncontrolled producton of abnormal WBCs that 

can be caused by cancerous mutaton of a myelogenous or 

lymphogenous cellc

* Types of leukemia

1c Lymphocytc leukemia: caused by cancerous producton of 

lymphoid cells, usually beginning in a lymph node or other 

lymphocytc tssue and spreading to other areas of the bodyc

2c Myelogenous leukemia: begins by cancerous producton of 

young myelogenous cells in bone marrow and then spreads 

throughout the bodyc

* Leukemia cells are bi`arre and undiferentated and not identcal 

to normal WBCsc Usually, the more undiferentated the cell, the 

more acute is the leukemia, ofen leading to death within a few 

months if untreatedc 



Efects of leukemia on the body

1c Metastatc growth of leukemic cells in abnormal areas of the 

bodyc

2c Leukemic cells from bone marrow may reproduce so greatly 

that they invade the surrounding bone, causing pain and, 

eventually, a tendency for bones to fracture easilyc

3c Development of infecton, severe anemia, and a bleeding 

tendency caused by thrombocytopeniac

4c Excessive use of metabolic substrates by the growing cancerous 

cellsc Consequently, energy of the patent is greatly depleted, and 

excessive utli`aton of amino acids by leukemic cells causes rapid 

deterioraton of normal protein tssuesc Thus, while leukemic 

tssues grow, other tssues become debilitatedc Afer metabolic 

starvaton has contnued long enough, this factor alone is 

suqcient to cause deathc
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