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 Definitions of terms: 

Term Definition Examples 

Excretion 
 Expulsion from the body of the waste products of

metabolism
CO2, urea, uric acid, ammonia, excess 
water, excess mineral salts, bile 
pigments, oxygen (plants) etc. 

Homeostasis 

 Maintenance by the body of internal environment within
narrow range of conditions, regardless of the conditions in
the external environment.

Concentration of blood glucose, core 
body temperature, blood PH (acid-base 
balance), concentration of oxygen and 
Carbondioxide.  

Osmoregulation 
 Control of water and salt balance so that the concentration

of dissolved substances in the body fluids remains
constant.

Osmotic conditions, especially 
concentration of various ions e.g. Na2+, 
K+, Cl- and water content. 

Secretion  The production of substances useful to the body by cells. Release of hormones, digestive juices 

Egestion 
 The removal from the body of undigested food and other

substances, which have never been involved in the
metabolic activities of cells.

Elimination of faeces from the gut 
(defaecation) and undigested food from 
the food vacuole of amoeba 

Significance / importance of excretion Importance of osmoregulation / osmotic control 

-Enables removal of unwanted by-products of

metabolic pathways to prevent unbalancing

the chemical equilibria of reactions.

-Removes toxic wastes that if accumulated

would affect the metabolic activities of

organisms e.g. may act as enzyme inhibitors.

-It regulates ionic concentration of body fluids to facilitate efficiency of
cell activities e.g. nervous coordination, protein synthesis, hormone
production, muscle contraction, enzyme activity etc.
-It regulates the water content of body fluids.
-Enables regulation of ions that have a major influence on PH of body
fluids e.g. H+ and HCO3-

-Enables removal of excess nutrients that are taken in that if allowed to
accumulate would interfere with cell activities.
-Gives increased environmental independence

The different environments and their problems 

Environment  Salinity and problems faced by organisms  

Sea water 
The solute concentration is extremely variable, but average salinity is 34.5 0/00 (parts per 
thousand). 
Problems: (1) osmotic water loss (2) salt gain by diffusion 

Fresh water 
Water freshness varies but any water with salinity of less than 0.5 0/00 may be considered as 
fresh. 
Problems: (1) osmotic water gain (2) salt loss by diffusion 

Brackish water 
This is water with salinity between 0.5 and 30 0/00 (between fresh water and sea water). It 
includes estuarine water and intertidal zones. 
Problems: variable 

Terrestrial environment This land environment. Problems: Water loss by evaporation 

EXCRETION IN PLANTS 

The following account for the absence of complex/elaborate excretory systems in plants as those in animals: 
(1) Toxic wastes do not accumulate because they are utilized by the plant e.g. CO2 and water are raw materials for

photosynthesis while oxygen participates in respiration (2) Extra gaseous wastes are removed from plant bodies by simple

diffusion through the stomata and lenticels (3) Most of the organic waste substances formed in plants are non harmful and can

be stored in the plant tissues which are removed periodically e.g. leaves and bark  (4) Some plants store other wastes such as

resins in organs that later fall off e.g. leaves (5) Excess water and dissolved gases are removed by transpiration through the

stomata (6) Some plants reiove wast% products by exudatio. e.g. gums, resins, latex and rubber (7) In some plants, guttation

occurs i.e. excess water with dissolved salts ooze out through hydathodes at leaf surfaces (8) Organic acids which would be

harmful to plants often combine with excess cations and precipitate as insoluble crystals which can be safely stored in plant

cells. E.g. excess Ca2+ combines with oxalic and pectic acids to form the non-toxic calcium oxalate and calcium pectate

(9) Plants synthesize all their Organic requirements according to demand, leaving no excess of protein hence very little

excretion of nitrogenous waste substances occurs (10) The rate and amount of catabolicm is much slower and much less than

that of animals of similar weight, and as a result the waste products accumulate more slowly.
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Excretory products in plants 

 Carbondioxide, Water and Oxygen from respiration and photosynthesis respectively.

 Anthocyanins stored in petals, leaves, fruits, barks.
 Tannins deposited in dead tree tissues like wood and barks

 Calcium oxalates, calcium carbonates and Latex (rubber)
 Alkaloids like quinine, cannabis, cocaine, caffeine, morphine etc.

OSMOREGULATION IN PLANTS: 
Depending on how much water is available in their natural environment, plants can be categorized into the 
following groups: 

a) Hydrophytes: plants living completely or partially submerged in fresh water. They have water in plenty and
the2efore there is no problem of obtaining it e.g. water lilies, water hyacinth, water lettuce, etc.

b) Mesophytes: plants inhabiting normal well-watered soils.
c) Xerophytes: plants inhabiting dry areas e.g. desert.

d) Halophytes: plants inhabiting areas of high salinity e.g. estuaries, salt marshes. The Australian saltbush

(Atriplex spongiosa) excretes excess salts by actively depositing the salt in special epidermal bladder cells, which
eventually fall off or burst.

Adaptations of xerophytes for surviving unfavourable water balance (more loss than uptake from soil). 
Structural adaptations Physiological adaptations 

 Possession of extremely deep roots so as to obtain water from deep

down below the water table e.g. acacia and Oleander.

 Shallow root system fOr a`sorbing moisture even after sli'ht

showering e.g. cactus

 Possession nf fleshy succulent stems and leaves that store water in 

large parenchyma cells e.g. bryophylum and cactus.

 Reducpion in stomata number To reduce on transpiration.

 Possession of stomata sunken i. hairy leaf surface to t2ap air and

reduce on transpiration.

 Rolling / curling / folding of leaves to reduce Transpiration e.g.

marram grass (Ammophila)

 Hairy epidermis for reflecting solar radiation and trapping humid

air next to leaf surface and reduce transpiration.

 Possession of thick cuticle, which is impermeable to water e.g.

prickly pear (Opuntia).

 Reduction of surface area over which transpiration has to occur by 

having small leaves.

 Reversal of the normal stomatal rhythm in some

plants e.g. opening stomata at night and closing

during day time so as to reduce on water evaporation.

 Increased levels of abscisic acid, which induces

stomatal closure so as to reduce water loss.

 Possession of tissues tolerant to desiccation e.g. low

solute potential of cytoplasm and production of

resistant enzymes.

 Leaf fall in deciduous trees so as to cut down

transpiration

 Survival of drought as seeds or spores that are highly

dehydrated and protected within a hard coat

Note: Other than unfavourable water balance, terrestrial plants are faced with other challenges that result from 

environmental variables like temperature, ionic concentrations (nutrients), water/ moisture, light, wind/a)r currents. 
Accordingly, plants have developed mechanisms that enable successful  reproduction, g!seous exchange, nutrition, 
propagation (dispersal), support, loss of excess water and salts etc. 

OSMOREGULATION IN ANIMALS 

Excretory and homeostatic organs in various animals 
Animal Excretory and homeostatic structures 

Platyhelminthes e.g. planaria, liverfluke, tapeworm Flame cells (solenocytes) 
Annelids  Nephridia  

Insects, millipedes Malpighian tubules  

Arachnids Book lungs 

Fish  Gills and kidneys  
Amphibians  Lungs, kidneys, liver and gills 

Birds and Reptiles Lungs, kidneys and liver  
Mammals  Lungs, kidneys, liver and skin 

Unicellular organisms Cell surface membrane  
Crustaceans Antennal glands 

Roundworm  Excretory cell 
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Summary of the relationship between excretory products and habitats of some animal groups 
Excretory product Nature of waste Habitat Animals 

Urea  

Nitrogenous waste 

Terrestrial Mammal  

Ammonia  Aquatic Fresh water bony fish and protozoa 

Uric acid  Terrestrial Birds and Terrestrial insects 

Guanine  Terrestrial Spiders  

Trimethylamine oxide  Aquatic Marine bony fish  

Creatine  Aquatic Some marine fish  

Carbondioxide  
Non Nitrogenous waste 

Terrestrial Mammals, birds and protozoa 

Excess water and mineral salts Terrestrial Mammals, birds, reptiles 

Bile salts  Terrestrial Mammals  

Animals are placed in two main categories with regard to their osmoregulation: 
a) Osmotic conformers (Osmo conformers): Animals whose Osmotic concentration of body fluids fluctuates according to that

of the environment. E.g. fresh water lower animals.
Euryhaline animals: are those that tolerate wide variations in salt concentration of water. They usually live in brackish water
Stenohaline animals: are those with narrow tolerance to environmental variation of salt concentration in water e.g. Maia,

Arenicola.
(i) Euryhaline Osmotic conformers (tissue tolerant species): species that tolerate wide external and therefore

internal osmotic fluctuactions.

(ii) Stenohaline osmotic conformers: species that tolerate only limited external and therefore internal osmotic

fluctuactions. Such organisms’ habitats are limited to environments of constant concentration e.g. the hagfish is

strictly marine and stenohaline, its body fluids are iso-osmotic (have same concentrations as sea water)

b) Osmotic regulators (Osmo regulators): Animals that maintain or regulate within narrow limits the
internal body osmolarity despite environmental changes.  E.g. Most marine vertebrates, higher fresh

water animals (they remain hyperosmotic)
(i) Euryhaline Osmotic regulators: species that maintain within narrow limits the internal body osmolarity

over a wide range of environmental changes. E.g. migratory fish like eel (Anguilla bengalensis) which migrate

from fresh wter to sea water, Salmon (Salmo fario) which migrate from sea to fresh water for spawning,

(ii) Stenohaline osmotic conformers: species that regulate the internal body osmolarity over a narrow range

of external environmental changes.

FACTORS THAT INFLUENCE EXCRETION OF NITROGENOUS WASTES  

Note: nitrogenous wastes are produced by the breakdown of proteins, nucleic acids and excess amino acids 

 Ammonia is highly toxic hence its excretion requires a lot of water for dilution. Being highly soluble and readily

difusable, it is excreted by fresh water bony fish, protozoa, porifera, Cnidarians which live in abundance of water.

Such animals are said to be ammoniotelic.

 Urea is relatively toxic and very soluble hence can be easily diluted before elimination, so it is excreted by some

terrestrial animals like mammals and marine ones whose body fluids are hypotonic to seawater. Animals that excrete

mainly urea are said to be ureotelic

 Uric acid is almost non-toxic and highly insoluble, requiring very little water for its elimination so it is excreted by

animals living in very arid conditions e.g. birds, insects and reptiles, which live in water shortage. These animals are

said to be uricotelic

 Trimethylamine oxide is soluble but non-toxic, requiring relatively less water for its elimination, so is excreted by

marine bony fishes suffering from water shortage.

 Guanine is less soluble than uric acid and requires no water for its elimination, hence is excreted by terrestrial spiders

that live in scarcity of water.



Page 4 of 26 

OSMOREGULATION IN SEA WATER 

Animals first evolved in the sea, and most marine invertebrates are osmoconfromers. 

Shore crab (Carcinus maenas) Mitten crab (Eriocheir) 
Fig. 14.11 B Roberts MBV: Biology a functional 

approach, 4th ed. P. 222 or Colin Clegg (1981) p.195 

-Antennal glands at the base

of the antennae excrete excess

water and nitrogenous wastes.

- Antennal glands are

incapable of holding back salts

(they eliminate salts and water

alike), resulting into

production of urine isotonic

with blood.

-Gills absorb salts from the

surrounding medium and

secrete them into blood against

a concentration gradient so as

to maintain an internal osmotic

pressure (opi) higher than

external osmotic pressure

(ope).

What happens in the shore 

crab also happens in the 
Mitten crab (Eriocheir) except 
that here the inward secretion 
of salts is sufficient enough to 

enable the animal to flourish 
in fresh water. 



 Crayfish 

Here antennal glands are 
capable of eliminating excess 

water but reabsorb salts, 
resulting into production of 
urine hypotonic with blood 
and an internal osmotic 

pressure (opi) higher than 
external osmotic pressure 
(ope). 
Reabsorption of salts occurs 

as the urine flows along 

the coiled tubule 

The graph below shows changes in internal osmotic pressure of blood (opi) with external osmotic pressure in the 
surrounding medium (ope) in marine invertebrates.  
[Figure 14.9 Roberts MBV: Biology a functional approach, 4 th ed. Page 220 or Colin Clegg (1981), Biology for schools and colleges, page 186] 

Explanation for the variations in internal pressure 

In the body fluids of marine invertebrates, the concentrations of the various ions are 
usually different from those in the surrounding sea water. 
Carcinus Variation: Opi of carcinus is low in fresh water (fw), increases rapidly with 
slight increase in Ope, then increases slowly thereafter with increase of external 

concentration. Osmoregulation breaks down and opi increases rapidly with 
transition into highly concentrated external medium / sea water (sw). 
Explanation: Marine Crustacea experiencing reduced salinities are subjected to 
osmotic influx of water from the surrounding medium. In Carcinus maenas, urine 

production increases with progressive dilution of the medium to prevent increase in 
internal volume and hydrostatic pressure which would rise to a lethal level. E.g. 
transfer of crabs from 100 % to 50% sea water results in increased urine production 
within 5 minutes of dilution of the medium. 
Likely habitat: estuarine / brackish water (neither fresh water nor sea water) 

Eriocheir: Variation: Opi of Eriocheir is relatively constant in fw, slightly increases 

with salinity, save with too much concentration.  
Explanation: Eriocheir has osmoregulatory abilities even with much dilution except 

in highly concentrated external medium.  
Likely habitat: fresh and brackish water  

Maia: variation: A change in ope results in a similar change in opi of blood, which 

is an indicator that Maia cannot osmoregulate at all. Likely habitats include fw, sw 
and brackish water 
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 Description of excretion and osmoregulation in a terrestrial insect 

Osmoregulation Excretion 

A terrestrial insect is liable to water loss, which is minimized by: 

-An impermeable cuticular covering coated with wax

-Production of non-toxic and almost insoluble waste product,

uric acid which requires little water for its elimination being

almost no toxic.

-Reabsorption of water by malpighian tubules and rectal

glands, resulting in very concentrated urine.

-Laying cleidoic eggs such that water loss is prevented during

embryo development by a relatively impermeable shell.

-Possession of valve-like structures and hair in the spiracles to

reduce on water loss

-The peristaltic movements of malpighian tubules stir up
the coelomic fluid (blood) enabling epithelial cells to
absorb nitrogenous wastes like sodium and potassium

urate.

-Within the tubule cells, Water and CO2 react with
potassium urate to form potassium hydrogen carbonate
and uric acid.

-Potassium hydrogen carbonate is absorbed back into
blood while uric acid is deposited in the tubule lumen.
-As the uric acid moves from distal to proximal end of the
malpighian tubule, water is vigorously back into blood 
while solid crystals of uric acid are deposited in the lumen
and later rectum to be passed out.

Draw figures 14.14 A and B Roberts MBV: Biology a functional approach, 4th ed. Page 226 

Description of osmoregulation in fresh water protozoa e.g. amoeba or paramecium 
- Contractile vacuoles carry out smoregulation in fresh water protozoa.

-Since the cell contents are hypertonic to the surrounding, and the cell membrane is partially permeable, there is
constant influx of water into the cytoplasm by osmosis.

-Small vesicles in the cytoplasm fill up with fluid from the cytoplasm and pump salts back into the cytoplasm by
active transport, using energy provided by ATP from the numerous mitochondria surrounding the vesicles.

-The vesicles, now containing water fuse with the contractile vacuole which gradually expands.

-The impermeability of the vacuolar membrane to water prevents osmotic out flow of water.
-On reaching critical size, the contractile vacuole fuses with the cell surface membrane, contracts suddenly and

releases its water. Roberts MBV: Biology a functional approach, 4 th ed. Page 221, also read Taylor DJ etal: Biological science pg676-678
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Sample question: Two species of amoeba were transferred from their natural habitats to different dilutions of sea 

water, and each individual was given time to adjust  to its new environment. The table below shows data about 

the rate of vacuolar contractions with varying solute concentrations. [Susan & Glenn Toole (1991), 2nd edition, pg.527] 

Number of vacuolar contractions per hour 

Sea water concentration in % 
(normal sea water = 100%) 

Species A Species B 

5 
10 

15 
20 

30 
40 

50 

60 

82 

74 
65 

58 
34 

14 
0 

0 

20 

63 
64 

56 
31 

13 
6 

0 

(a) Plot the results of the experiment as a graph
(b) Describe the functioning of the contractile vacuole.

(c) Explain by reference to the data, the difference in vacuolar contraction in the two species of Amoeba when
placed in the higher concentrations of seawater.

(d) What information may be deduced about the natural habitats of the two species from the rates of vacuolar

contractions?

OSMOREGULATION AND EXCRETION IN FRESH WATER BONY FISH (TELEOSTS), MARINE 
TELEOSTS, MARINE ELASMOBRANCHS AND MIGRATORY FISHES. 

Fresh water teleosts (bony fish) 

e.g. tilapia, stickle back, trout, etc
(Opi > Ope) 

Marine teleosts 

e.g. cod, mackerel (Opi < Ope)

Marine elasmobranchs 

(cartilaginous fish) e.g. dog fish, 
sharks, rays 

Migratory fishes e.g. 
salmon and eels 

The excretory and 
osmoregulatory organs are the 
gills and kidneys. 
Internal body fluids being 
hypertonic to the surrounding 
water, there is: 
i) Osmotic influx of water
across the gills, lining of mouth
and pharynx.
ii) Efflux of solutes (ions and
ammonia) into water by
diffusion.
-Problem (i) is addressed by
not drinking water and
production of large volume of
dilute (hypotonic) urine.
-Problem (ii) is addressed by
reabsorbing ions across the
nephron tubules, from the
glomerular filtrate back into
blood. The high glomerular
filtration rate is enabled by
numerous large glomeruli in
the kidneys. In addition, there
is active uptake of salts from
water by chloride secretory
cells in the gills.

 The excretory and osmoregulatory
organs in marine teleosts are the
gills and kidneys.

Internal body fluids being hypotonic
to the surrounding water, there is
osmotic extraction of water from the
body leading to dehydration of the
tissues, a situation described as
‘physiological drought’. This is

overcome by:
-Drinking large amounts of seawater
and having a kidney with low
filtration rate enabled by few small
sized glomeruli.
- The ions Ca2+, Mg2+ and SO42-

(divalent ions) in the seawater a
marine fish drinks are eliminated 
through the anus while K+, Na+, and
Cl-  (monovalent ions) are absorbed 
into blood and are actively
transported out of blood across the
gills, reverse to the direction in fresh
water fish.. The divalent ions that
enter blood are secreted into the
nephron tubules and excreted in
urine.
-Excreting trimethylamine oxide,
which is soluble but non-toxic
requiring little water for elimination

 Their tissue fluid is
slightly hypertonic to
seawater, causing slight

influx of water, which is
readily expelled by the

kidneys.

 Hypertonic tissue
fluid results from urea
retention, which is

facilitated by:
-Impermeability of gills

to urea.

-Urea reabsorption from
the nephron tubules,

maintaining its
concentration at over 100

times higher than that in
mammals.

-Tolerance of tissues and

enzymes to high urea
concentration.

-The highly toxic urea is

detoxified by

TriMethylamine Oxide

(TMAO)

These are fish 
that keep moving 

from one extreme 
osmotic 

environment 
(sea) to another 

(fresh water) 

during lifetime. 
This is achieved 

through 
adjustments like: 

-Changes in
kidney filtration

rate.

-Reversal of the
direction in

which the
chloride secretory

cells transfer salt
i.e. in fresh water

they take in salt

and may move
them outwards in

seawater.
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 OSMOREGULATION IN TERRESTRIAL VERTEBRATES: 

Terrestrial animals are liable to water loss to the atmosphere and must overcome this to be able to survive. 

How terrestrial animals gain water How terrestrial animals lose water 

(1) By drinking directly (2) taken along with food (3)
from metabolic by-product e.g. respiratory product

(1) In urine (2) Faeces (3) Sweating (4) Evaporation
from lungs (5) External secretions e.g. tears

Physiological adaptations against water loss 

Structural / 
morphological 

adaptation 
Behaviuoral adaptations 

 Reduction in glomerular filtration rate e.g. the desert frog,
chiroleptes has few and smaller glomeruli than its relatives living 

in moist temperate regions.

 Production of non-toxic nitrogenous waste e.g. the insoluble 

uric acid (reptiles, birds and insects) and the relatively less toxic

urea (mammals and amphibians) that require little water for 

removal.

 Extensive water reabsorption from glomerular filtrate 

(mammals and birds) and rectum (insects). E.g. kangaroo rat has

an extra long loop of Henle enabling it to produce hypertonic

urine.

 Use of metabolic water from fat through respiration. This

explains why desert animals like kangaroo rat (Dipodomys)

mostly metabolise fat, which yields more water (1 gm yields

1.1gm of water) on oxidation than carbohydrate (1 gm yields 0.6

gm of water)  and protein (1 gm yields 0.3 gm of water).
Dipodomys may spend its entire life without drinking water.

 Possession of tissues tolerant to dehydration. E.g. a Camel can 

survive for a week without drinking water, but can gulp 80

litres in 10 minutes.

 Ability to sweat at abnormally higher temperature e.g. a camel 

begins sweating at 410C from its normal body temperature of

340C

 Ability to reduce the need for nitrogenous excretion e.g. a camel 

secretes urea into the lumen of alimentary canal where bacteria

convert it to protein, which is then utilized as food.

Possession of 
waterproof 
integuments, which 
include the 
keratinous scales of 
reptiles, cornified 
epithelium of 
mammals and the 
waxy cuticle of 
insects. 

 Change of habitat depending on
the weather conditions.

 Some animals e.g. African
lungfish aestivate.

Aestivation is seasonal response 
by animals to drought or excessive 
heat during which they become 
dormant, body temperature and 
metabolic rate fall to the minimum 
required for maintaining the vital 
activities of the body. It is an 
adaptation for temperature 
regulation as well as water 
conservation. 
During aestivation, the African 
lungfish burrows down and 
encases in a cocoon of hard mud 
lined with mucus 

OSMOREGULATION IN AMPHIBIANS AND REPTILES 
Amphibians being the first terrestrial vertebrates, their kidney is identical to that of fresh water fishes. 
(1) Body fluids of amphibian are hypertonic to fresh water resulting in (i) osmotic influx of water which is readily

lost by the kidneys expelling large volumes of urine (ii) salt loss by diffusion which are replaced actively across

the skin (2) During aestivation, amphibia instead of the usual ammonia form urea, which is less toxic and
therefore can be retained until water is available for excretion (3) Amphibia never drink water hence water gain is

osmotic via the skin or in food consumed.

Reptiles on the other hand live in diverse habitats: 

 Those living mainly in fresh water e.g. some crocodiles possess kidneys like those of fresh water fishes and

amphibians.

 Marine reptiles e.g. some crocodiles, turtles, sea snakes and some lizards e.g. iguana possess kidneys similar to
those of their fresh water relatives. However, since these kidneys reabsorb salt, marine reptiles cannot excrete a

great deal of salt in their urine. Instead, they eliminate excess salt by means of salt secreting glands located
near the nose or the eye, hence ‘the turtle shedding tears. Terrestrial reptiles reabsorb much of the salt and

water in the nephron tubules of kidneys, helping somewhat to conserve blood volume in dry environments.

Like amphibians and fishes, though, they cannot produce urine that is more concentrated than the blood
plasma.

Reptiles  minimize water loss by (1) laying cleidoic eggs with waterproof embryonic membranes and supporting 
shell (2) possession of waterproof keratinized skin and scales (3) possession of kidneys with reduced glomeruli 

hence low rate of glomerular filtration (3) production of insoluble uric acid which is almost non-toxic and 
therefore requires little water for elimination (4) absorption of water by the cloaca from faeces and nitrogenous 

wastes.  



Page 8 of 26 

EXCRETION AND OSMOREGULATION IN MAMMALS AND BIRDS 
Mammals and birds are the only vertebrates with loops of Henle, enabling their kidneys to produce urine that has a higher 
osmotic concentration than their body fluids. This enables them to excrete waste products in a small volume of water, so that 
more water can be retained in the body. E.g. Human kidneys can produce urine that is 4.2 times as concentrated as their blood 
plasma, the camel, gerbil and pocket mouse can excrete urine 8, 14 and 22 times as concentrated as their blood plasma, 
respectively. 
Birds, however, have relatively few or no nephrons with long loops, so they cannot produce urine that is as concentrated as 
that of mammals. Marine birds e.g. penguins, gulls and cormorants drink salt water and then excrete the excess salt from salt 

secreting nasal glands near the eyes, giving an impression that these birds have runny noses. 

Mammalian excretory organs include the lungs, skin, liver and kidneys, which are the main excretory organs. 

AN OUTLINE OF THE FUNCTIONS OF THE KIDNEYS 
(1)Excretion of metabolic waste products such as urea, excess water, uric acid, ammonia, creatine etc (2) Regulation of water 
and solute content of blood (osmoregulation) (3) Maintenance of PH of body fluids at 7.4 (acid-base balance by removing or 
neutralizing excess acidity / alkalinity (4) Regulation of blood levels of ions such as Na+, K+, Cl-, Ca2+

(5) Secretion of the hormone erythropoietin, which stimulates red blood cell production for transporting oxygen (6) Retention 
of important nutrients such as glucose and amino acids through reabsorption from glomerular filtrate into blood. 
Structure of mammalian kidney (Figure 14.1 A, B and C Roberts MBV: Biology a functional approach, 4 th ed. Page 211 & fig. 51.3 Raven 

Peter .H and Johnson George .B: biology, 4 th ed. Page 1148) or Freeman W.H. & B. Bracegirdle (1984), Atlas of histology, P. 77 

A DESCRIPTION OF THE MAIN HOMEOSTATIC FUNCTIONS OF THE KIDNEYS: 

A nephron consists of (1) Bowman’s capsule (2) glomerulus (3) 
proximal tubule (4) loop of Henle (5) distal tubule 
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Homeostatic function How it occurs 

Maintenance of PH of 
body fluids at 7.4 (acid-

base balance) to avoid 
denaturing of enzymes 
and other proteins, 

which would result 
into death 

The body produces more acids than bases, causing the blood PH usually to lower (become acidic) 

from the normal PH of 7.4 due to high concentration of H+ ions that result from metabolic processes. 
 In the cells of distal convoluted tubules, the CO2 from aerobic respiration, catalysed by carbonic 

anhydrase enzyme reacts with water to form carbonic acid, which dissociates into H+ and HCO3
- ions.  

The H+ ions are pumped into the lumen where they are buffered by hydrogen phosphate (HPO4
2-) as it 

takes up H+ ions to form sodium dihydrogen phosphate (NaH2PO4), which is excreted in urine while 
the HCO3

- ions are absorbed and retained in blood.  
Exceptional lowering of PH causes the cells lining the distal tubule to deaminate glutamine amino 

acid to form ammonia, which on combining with H+ ions forms ammonium ions, which are excreted. 

Blood PH rises (becomes less acidic) due to absorption of HCO3
- that result from dissociation of 

carbonic acid. In order to control PH, the HCO3
- are excreted while H+ ions are retained. 

NOTE:  
1. Within plasma, hydrogen carbonate (HCO3

-), protein and hydrogen phosphate (HPO4
2-)act as PH buffers by

temporarily taking up any excess H+ ions and at the same time keeping the PH constant.
2. The body maintains constant PH by (i) lungs expelling CO2, which would accumulate  and react with water to
form carbonic acid (ii) the buffering mechanism involving plasma protein in blood (iii) the kidneys expelling H+ 
and retaining HCO3

- 

Therefore PH (acid-base balance) is controlled by the lungs, blood and kidneys

Regulation of blood 

levels of ions such as 
Na+, K+, Cl-, Ca2+  

The concentration of any particular type of ion in blood and tissue fluid is regulated in three ways:  
i) Hormones control the uptake of the ions into bloodstream from the gut.

ii) Hormones control the removal of ions from the blood by kidneys and elimination in the urine.
iii) Hormones control the release of ions into the bloodstream from reservoirs like organs / tissues e.g.
bones in which they are at high concentrations.

Regulation of calcium ions (Ca2+): 
Low blood calcium level stimulates the parathyroid glands (surrounding the thyroid gland) to secrete 

the parathormone (parathyroid) hormone which increases the calcium level and decreases the 

hydrogen phosphate (HPO4
2-) level through promoting: 

- Bone breakdown by osteoclasts 
- Calcium retention by kidneys

-Excretion of hydrogen phosphate (HPO4
2-) in urine by kidneys

-Activation of vitamin D, which in turn stimulates the absorption of calcium from the gut.

High blood calcium level stimulates the thyroid gland to secrete calcitonin hormone, which increases 

bone buildup by osteoblasts so as to reduce calcium level. 
NOTE:  
1. Calcium plays an important role in nervous conduction, muscle contraction and blood clotting.
2. Deficiency of parathyroid hormone results in tetany (shaking of body due to continuous muscle contraction 
caused by increased excitability of the nerves, which fire spontaneously and without rest)

Regulation of sodium ions (Na+): 

A decrease in blood sodium leads to decreased blood volume and reduced blood pressure because less 
water is drawn into blood by osmosis. 
Low levels of sodium in blood are detected by the hypothalamus, which stimulates the anterior pituitary gland to 

secrete the hormone adrenocorticotropic hormone (ACTH), which stimulates the juxtaglomerular complex 
(situated between the distal convoluted tubule and afferent arteriole) to release the enzyme Renin 
(don’t confuse it with the digestive enzyme rennin). 
Renin catalyses the conversion of angiotensinogen, a plasma protein into a hormone angiotensin 

which stimulates the adrenal cortex to secrete the hormone Aldosterone  

Aldosterone has the following effects: 
-Stimulates the active uptake of sodium ions from the glomerular filtrate into the plasma of capillaries

surrounding the nephron. This induces osmotic uptake of water into blood thus increasing both the 

blood volume and sodium level back to the norm, accompanied by loss of potassium ions.
-Stimulates sodium absorption in the gut and decreases loss of sodium in sweat so as to raise sodium
levels to cause an osmotic inflow of water thus increasing the blood volume and pressure
-Stimulates the brain to increase the sensation of thirst.

Increased sodium level in blood causes increased blood volume and pressure, less production of renin 
and angiotensin resulting in less secretion of aldosterone by the adrenal cortex hence less uptake of 
sodium from the glomerular filtrate occurs, restoring sodium level to the norm. 
NOTE:  
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Homeostatic 
function 

How it occurs 

Regulation of 

water and 
solute 
content of 

blood 
(Osmotic 
regulation) 

Increased concentration of solutes in blood (little water relative to salts) is detected by osmoreceptors in the 
hypothalamus which stimulate the posterior pituitary gland to secrete antidiuretic hormone (ADH)/vasopressin and 

at the same time triggering the sensation of thirst resulting in drinking of water. 
ADH increases the permeability of distal convoluted tubule and collecting duct to water, allowing the osmotic flow of 
water from the glomerular filtrate into the cortex and medulla hence reducing the osmotic pressure of blood but 
increasing that of urine. 

ADH also increases the permeability of the collecting duct to urea, enabling its diffusion from urine into the medulla 
tissue fluid where it increases the osmotic pressure resulting in osmotic extraction of water from the descending limb. 
Low solute concentration in blood (too much water relative to salts) inhibits ADH release, tubule walls and collecting 
duct become impermeable to water, less water is reabsorbed from glomerular filtrate into blood and large volume of 

dilute urine is passed out hence raising the osmotic pressure of blood. 
NOTE:  
1. Diuresis is the production of copious dilute urine, antidiuresis being the opposite.
2. Insufficient production of ADH leads to a condition known as diabetes inspidus, characterised by frequent copious urination.
3. Increase in blood osmotic pressure (BOP) results from ingestion of little water, much sweating, ingestion of large amount of
salt while a decrease in BOP may be due to little sweating, ingestion of large volume of water and low salt intake.

EXCRETORY FUNCTION OF THE KIDNEY: 

The nephron accomplishes its excretory function by these separate processes which occur at the different regions of the: 
(i) Ultra filtration (pressure filtration) at the glomerulus of bowman’s capsule (ii) Selective reabsorption in the tubules (iii)
Tubular secretion at the proximal and distal convolulated tubule (iv) Counter current multiplier effect in the loop of Henle
(v) Water reabsorption in the distal convoluted tubule and collecting duct.

Process Explanation and Description 
Ultra filtration (pressure filtration) in the bowman’s capsule 

(Fig 17.5 A and B Michael Roberts & Reiss, etal: Advanced Biology, 1st ed. 2000 Page 
283) 

This is the first stage of urine formation at the glomerular 
capillary wall of kidney nephrons during which hydrostatic 

pressure forces small molecules in blood of glomerular 
capillaries to pass across the basement membrane into the 

capsular space but large molecules are held back. 
The substances that are forced by pressure to pass passively 

across the fine basement membrane filter include small 
molecules like water, glucose, amino acids, vitamins, urea, 
uric acid, ions, creatine, and some hormones while the large 

substances retained in blood include red blood cells, platelets, 
white blood cells and large sized plasma proteins. 

Although filtration occurs through three layers of glomerular 
capillary, the endothelium is a coarse screen retaining only 

blood cells, the negatively charged basement membrane 
retains negatively charged large sized protein, while the 
selective filtration occurs at the diaphragms of slit pores 

formed by foot-like projections of supporting cells called 
podocytes 

The high hydrostatic pressure of blood in the glomerulus 
which facilitates ultrafiltration results from the afferent 

arteriole having a larger diameter than the efferent arteriole.  

Selective reabsorption from the tubules [ MBV Roberts (4th ed)] Because particle size rather than their importance determines 
the substances to pass through the basement membrane 

during ultra filtration, useful substances such as glucose enter 
the capsular space to form glomerular filtrate and have to be 
reabsorbed later.  

As the glomerular filtrate (renal fluid) flows along the tubule 
of the nephron, all the glucose, 85% of the water, Na+, Cl-, 

amino acids, vitamins, hormones, 50% of urea are reabsorbed 
from the proximal convoluted tubule into the surrounding 
blood capillaries.  

Glucose, amino acids and Na+, H2PO4
- and HCO3

- diffuse into 
proximal tubule cells and then actively transported into the 

blood capillaries. The active uptake of Na+ followed by the 
passive uptake of Cl- raises the osmotic pressure in the cells 

enabling entry of water into capillaries by osmosis. 
50% of urea is reabsorbed by diffusion but the small sized 
proteins in the renal filtrate are removed by pinocytosis. As a 

result of all this activity, the tubular filtrate is isotonic with 
blood in the surrounding capillaries 

Tubular secretion at the proximal convolulated tubule 
Finally, active secretion of unwanted substances like creatine, 

some urea, ammonia, uric acid, H+, and K+ occurs from blood 
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capillaries into the proximal tubule 
NB: Only birds and mammals have loops of Henle in their Kidneys enabling production of hypertonic urine 

Process Definition, Explanation and Description 

Counter current multiplier effect in the loop of Henle 
(Kent Michael, 1st ed. 2000 Page 149) or MBV Roberts 4th ed. P. 217) 

A system of parallel and opposite flow of renal fluid in the descending 
and ascending limbs of the loop of Henle in the kidney with active salt  
concentration in the medullary interstitial tissue, an increase in salt 
concentration in the renal fluid of the descending limb and a decrease in 
salt concentration in the ascending limb to cause production of 
hypertonic urine 
The loop of Henle is the counter current multiplier and the vasa recta is 

the counter current exchanger. If the vasa recta did not exist, the high 

concentration of solutes in the medullary interstitium would be washed 

out. 

The ascending limb of the loop of Henle is relatively 
impermeable to water while the descending limb is freely 
permeable to water but relatively impermeable to salt and 
urea. 
Na+ and Cl- are actively pumped out of the upper part of 
ascending limb, but diffuse from the lower part, raising the 
solute concentration in the interstitial region and lowering the 
concentration in the ascending limb. 
Water is osmotically drawn from the descending limb and 
collecting duct and carried away by blood in the vasa recta, 
resulting into a slightly higher solute concentration in the 
descending limb than the adjacent ascending limb and 
hypertonic urine to form. 
The concentrating effect is multiplied such that the fluid in and 
around the loop of Henle becomes saltier with the saltiest 
region being the hairpin bend.  
The glomerular filtrate becomes less salty as it goes up the 
ascending limb 

 Water reabsorption in the distal
convoluted tubule and collecting duct

This is under the influence of hormones as discussed on page 8 under 
osmotic regulation 
As the fluid flows down the collecting duct, water is drawn out of it 
osmotically into the interstitium, resulting in hypertonic urine production 

How the proximal convoluted tubule cells are adapted for reabsorption (How structure is related to function): 

 Bear numerous microvilli at the free end to increase the surface area for reabsorption of substances like glucose, amino
acids, vitamins, NaCl, water.

 Contain numerous mitochondria to form ATP that provide energy required in active transport of glucose, amino acids, Na +,
H2PO4- and HCO3- into the blood capillaries

 The cell surface membrane is indented to form a large area of intercellular spaces bathed with fluid.

 Contain numerous pinocytic vesicles, which enable the digestion of small protein molecules from the renal filtrate.
 Form a thin thickness of one cell layer to ease reabsorption of substances.
Table 20.4 Taylor DJ etal: Biological science 3rd edition pg693 also check Table 20.1 Phillips W. D and Chilton T. J : A-level Biology, revised ed.pg154 

Changes in renal-plasma ratio of urea, glucose and chloride in the frog’s kidney 

http://www.encyclopedia.com/doc/1O6-loopofHenle.html


WHAT IS RENAL-PLASMA RATIO? 
The ratio obtained after dividing the concentration of substances in renal fluid by the concentration of same 
substances in blood plasma. 

Observations from the graph Explanation for the observations 

(i) The concentration of all 
components is the same in the renal 
fluid (glomerular filtrate) and the 
blood plasma at Bowman’s capsule, 
thus the ratio of 1.

Re-absorption has not yet occurred. 

Chloride concentration remains 

almost constant in the renal fluid  and 

the blood plasma at the capsular space 

of the and at the proximal tubule 

(ii) Renal-plasma ratio of more than 1 
for urea and glucose in the 
phlorizinised kidney.

The concentration of the component is greater in the renal fluid 

(glomerular filtrate) than in the plasma.  
Urea’s concentration in the renal fluid increases rapidly mainly 
because (1) large volume of water is reabsorbed into capillaries (2) Urea 
is actively secreted into tubules from blood.

Glucose concentration in the phlorizinised kidney increases in the 
proximal tubule yet phlorizin inhibits reabsorption of glucose. This is 
because large volume of water is reabsorbed into capillaries. 

(iii) Renal-plasma ratio of less than 1 
for glucose in the non-phlorizinised 
proximal tubule of kidney and 
chloride in the distal tubule.

The concentration of the component is lower in the renal fluid 

(glomerular filtrate) than in the plasma.  
 The glucose concentration in the proximal tubule decreases rapidly to 
zero (0) because all the glucose is actively reabsorbed into blood 
capillaries surrounding the proximal tubule. The process is active (uses 
energy) because when the tubule cells are treated with a metabolic 
poison e.g. cyanide, glucose reabsorption is inhibited or slowed down.

 The chloride concentration decreases rapidly and remains at a low 
constant because Cl- are reabsorbed passively following the active 
reabsorption of Na+ 

The glomerular filtration rate and its determinants: 

Glomerular filtration rate (GFR) is the net rate of formation of filtrate by the two kidneys. GFR is equal to the 

renal plasma flow (RPF) rate, the rate of plasma flow through the renal arteries, multiplied by the fraction of this 

plasma flow that is filtered (the filtered fraction, FF), so GFR = (RPF) x (FF) 

FF is determined by three factors: (i) filtration pressure across the glomerular capillary walls (ii) permeability of 

the renal filter to fluid (iii) the total surface area available for filtration. 

The kidneys receive a large part of the total cardiac output: for a typical cardiac output of 5.6 litres per minute, the 

kidneys might receive about 1.2 litres per minute, or about 20%. 

GFR increases (i) if the mean glomerular capillary pressure rises as a result of either dilation of the afferent 

arterioles or constriction of efferent arterioles, or (ii) if the concentration of plasma proteins falls, because this 

reduces the force favouring reabsorption. 

GFR falls if (i) the hydrostatic pressure in bowman’s capsule rises (e.g. if the ureters are occluded) or (ii) plasma 

proteins escape into Bowman’s capsule, because protein in Bowman’s capsule makes net osmotic force across the 

glomerular wall smaller.   

 As a consequence of net reabsorption of solute, the volume of fluid in the nephrons decreases, until only about 1% 

or 2% of the original filtrate volume reaches the ureters as final urine. 

The adaptive significance of formation of urine by filtration in the glomerulus followed by reabsorption and 

secretion in the later parts of the nephrons is to enable the kidney excrete soluble chemicals that might enter the 

body, e.g. drugs and bacterial toxins but for which there are no specific tubular reabsorption pathways. 
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Why urine production almost stops after serious bleeding: 

The amount of urine produced is proportional to the amount of blood flowing through the kidneys. The total 

blood volume in the body reduces if serious bleeding occurs, resulting into diversion of blood from other tissues 

(including the kidneys) to the brain to maintain life. Therefore the volume of blood flowing through the kidneys 

reduces greatly to the extent that less ultrafiltration and hence formation urine occurs.  

Q. a) Outline the main features of the kidney nephron.

b) Explain how the mammalian kidney produces urine that is hypertonic to blood

c) Describe how the nephron regulates the PH of blood.

HOW THE STRUCTURES OF THE MAMMALIAN NEPHRONE ARE RELATED TO THE FUNCTIONS 
THEY PERFORM / ADAPTATIONS OF THE MAMMALIAN NEPHRONE TO ITS FUNCTIONS.  

PARTS OTHER THAN THE TUBULE THE TUBULES 

 Afferent arterial entering the Bowman’s capsule has wider
lumen than that of efferent arterial leaving it, resulting into
high hydrostatic pressure that causes ultrafiltration to
occur.

 The glomerular capillaries are highly coiled to increase the
surface area for ultrafiltration to occur.

 The structural arrangement of the three layers of
glomerular capillary enables the diaphragms of slit pores
formed by foot-like projections of podocytes to offer
selective filtration while blood cells and the negatively
charged large plasma protein are retained by endothelium
and basement membrane respectively.

 The Bowman’s capsule is funnel-shaped to direct the renal
filtrate into the proximal convoluted tubule.

 The proximal convoluted tubule cells:
-Bear numerous microvilli at the free end to increase the surface area

for reabsorption of substances like glucose, amino acids, vitamins,
NaCl, water.
-Contain numerous mitochondria to form ATP that provide energy 

required in active transport of glucose, amino acids, Na+, H2PO4
- and

HCO3
- into the blood capillaries

-The cell surface membrane is indented to form a large area of
intercellular spaces bathed with fluid. 

-Contain numerous pinocytic vesicles, which enable the digestion of
small protein molecules from the renal filtrate.
-Form a thin thickness of one cell layer to ease reabsorption of
substances. 

 The loop of Henle is U-shaped with parallel, opposite flows of
tubular fluid in its limbs to provide a multiplier effect that create 

a concentration gradient, which enables increased water 
reabsorption.

 The capillaries of vasa recta form loops that accompany the loops

of Henle resulting into countercurrent exchange of solute and
water between ascending and descending blood.

 The capillaries of vasa recta are in close proximity with tubules to

increase the reabsorption of useful substances from the filtrate.
 The distal convoluted tubule is long and coiled to increase the 

surface area for reabsorption of water and mineral salts.
 The distal and proximal convoluted tubules are coiled to slow 

down the movement of renal filtrate to allow more time for 
efficient reabsorption of substances like water, mineral salts.

HOMEOSTASIS 
Process Definition / Explanation Examples / Comments 

Homeostasis 

(Gk: Homoios-same, stasis-
state) 

The relative constancy of the body’s internal 
environment regardless of the conditions in the 

external environment. 

-Concentration of blood glucose at 90mg/100cm3

-Average core body temperature at 370C (98.60F) 
-Blood PH (acid-base balance) at 7.4 

-Blood pressure in brachial artery averages near 120/80
-Blood levels of ions such as Na+ , K+ , Cl- , Ca2+ 

-Concentration of carbon dioxide
-Osmotic pressure (quantity of water relative to salts)

Cybernetics  This is the science of control systems i.e. self-
regulating systems which operate by means of 
feedback mechanisms 

The internal state of animal’s body is a dynamic 
equilibrium i.e. many physical and chemical changes do 
occur but the net result is that the changes are 
maintained constant by feed back systems so as to 

enable cells function efficiently 
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Feed back system 



A mechanism in which an input stimulus causes an 
output response that ‘feeds back’ to the initial input  

a) Negative feedback

b) Positive feed back



A mechanism in which the effect of deviation from 
the normal condition triggers a response that 
eliminates its deviation in order to reduce further 
corrective action of the control system once the set 

point value has been reached. 

In negative feedback mechanism, a stimulus causes a 
sensory receptor to signal a regulatory centre in the 
brain. The regulatory centre then signals an effector to 
respond and the response cancels / reverses / negates 

the stimulus to restore the condition to the norm. 

A mechanism in which the effect of deviation from 
the normal condition intensifies the original 

response such that the change tends to proceed in 
the same direction as the initial stimulus. 

Examples of positive feed back include: 

-A 100C in temperature doubles metabolic activity, 

releasing more heat that raises the activity even more.
-During blood clotting to stop bleeding to keep blood
volume constant, one clotting factor activates another in 
a cascade that leads quickly to the formation of a clot.

-During childbirth, oxytocin release stimulates 
contraction of uterus muscles,  which in turn stimulates
further oxytocin release until the foetus is expelled.

Cascade effect: The way in which a small amount of say hormone can cause a target organ to produce a large amount of product.  

Qn: Explain why positive feedback mechanisms are few in biological systems 
It is because positive feedback mechanisms cause larger deviations from the normal set point and may lead to 

unstable conditions and extreme states. 

ESSENTIAL COMPONENTS OF A CONTROL SYSTEM AND AN EXAMPLE IN THE HUMAN BODY  

Each control system must have the following 
essential components 

Explanation of the role of components Example in the human body 

(Temperature regulation) 

Receptors / detectors 
These are parts of the body that constantly monitor 
and detect changes from the reference point / norm 

in the internal environment and then signal the 
deviations. 

Temperature receptors in the skin provide 
information on variations in temperature of 

external environment 

Control centre 
This is usually the brain that coordinates the 

information received from various receptors and 
sends out instructions which will correct the 

deviation 

Variations in temperature of external 

environment are conveyed to the 
hypothalamus of the brain 

Effectors / responding organs 
These are parts of the body that bring about the 
necessary changes needed to return the system to the 

reference point / norm 

The hypothalamus initiates corrective 
responses in effectors like blood vessels and 

skin to restore the conditions to normal 
Reference point / norm The set level at which the system operates Average of 370C 

Feedback loop 
Hormones and or nerve impulses that inform the 
receptor of any change in the system as a result of the 

action by the effectors 

Figure 20.1 Phillips W. D and Chilton T. J : A-level Biology, revised ed.pg150 also see Fig.19.2 Taylor DJ etal: Biological science 3rd edition pg648 
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TISSUE FLUID / EXTRACELLULAR FLUID / INTERCELLULAR FLUID 

This is the fluid found about tissue cells containing molecules that enter from or exit to the capillaries. The body’s  internal 
environment consists of tissue fluid and blood that bathe the cells. 

HOW TISSUE FLUID IS FORMED 

This is by the process of ultra filtration i.e. Hydrostatic pressure of blood forces small molecules to exit blood capillaries via 

fine pores on the basement membrane but large molecules are held back. 
 Fluid movement in and out of capillaries depends on the balance between the blood pressure (hydrostatic pressure) and

osmotic pressure (solute potential).

 Osmotic pressure is created by the presence of salts and plasma proteins in blood while blood pressure is created by the
pumping action of the heart and the resistance to blood flow caused by the small size of capillaries.

 At the arterial end of a capillary bed, blood pressure is higher than osmotic pressure of blood. This results in forced exit of
small molecules like glucose, water, amino acids, ions, oxygen, and small plasma protein molecules via fine pores on the
basement membrane of arterioles but large plasma protein molecules, red blood cells are retained.

 Midway along the capillary bed where the blood pressure is lower, the two forces of blood pressure and osmotic pressure
essentially cancel each other and the substances diffuse according to their concentration gradients i.e. glucose, oxygen and
other solutes diffuse out of the capillary while carbon dioxide and other wastes diffuse into the capillary. No net movement
of water occurs.

 At the venule end of a capillary bed, blood pressure is lower than osmotic pressure of blood, resulting into entry of water,
carbon dioxide, wastes and solutes into the capillaries.

 However, the total amount of fluid exiting capillaries at the arterial end exceeds that entering at the venule end. This is
because the osmotic pressure causing entry of fluid at the venule end is lower than the blood pressure causing exit of fluid 
at the arterial end, resulting into failure of some fluid flowing in capillaries, forming what is called tissue fluid.

Note: Tissue fluid is drained by the lymphatic system, where it becomes lymph which eventually passes into veins at the same 
rate as it is formed, failure of which results in a condition known as oedema 

(Illustration 1Michael Roberts & Reiss, etal: Advanced Biology, 1st ed. 2000 Page 268) 

Q. Describe how unicellular organisms and cells of multicellular organisms control their internal environment

 At cellular level, the internal environment of a cell is its cytoplasm; while the cell’s immediate surrounding constitutes th e
external environment.

 Tissue fluid in most animals and sap in plants constitute the external environment of cells of multicellular animals and
plants respectively, but form internal environments of these organisms.

 The constituents of a cell cytoplasm are modulated by the partial permeability of its cell membrane and the level of activity
of its enzymes.

 The cell surface membrane selectively allows entry and exit of molecules at a strictly controlled rate by diffusion gradient,
osmotic gradients, and active transport e.t.c.

 The nature and amounts of materials synthesized by cells is controlled by rates of protein synthesis and they catalyse most
catabolic and anabolic reactions within cells.
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 Therefore, relative constancy of the cell’s internal environment depends on supply of metabolites, utilization  of cellular
material or output through activity of the modulators.

HOMEOSTATIC ROLE OF THE LIVER AND PANCREAS 
Structure of the liver: 

The liver is the largest internal organ of the body, weighing about 1.5kg in humans, which is about 3.4% of the total bo dy 
mass. The liver’s external shape is of little importance, but the internal structure reveals precious details.  
Description of microscopic structure of the liver: 

(Michael Roberts & Reiss, etal: Advanced Biology, 1st ed. 2000 Page 277) also see Fig.19.21 Taylor DJ etal: Biological science 3rd edition pg667 

 The liver is composed of structural and functional units called lobules, which are cylindrically shaped,
numbering over 100,000 and each approximating 1mm in diameter.

 Hepatocytes (liver cells) closely pack in each lobule in various rows radiating outwards from the centre.

 Hepatocytes (liver cells) are characterized by similarity in structure and function, prominent nuclei, Golgi
complex and peroxisomes, numerous mitochondria, lysosomes, glycogen granules and fat droplets.

Peroxisomes contain catalase and other oxidative enzymes responsible for detoxification. Hepatocytes which

are in contact with blood vessels bear microvilli

 Located between lobules are triads consisting of a branch of hepatic artery which brings oxygenated blood to
the liver, a branch of hepatic portal vein which brings nutrients from the gut and bile duct that drains bile from

the liver.

 A central vein (branch of hepatic vein) runs longitudinally mid way each lobule and is linked by sinusoids to

the interlobular vessels (hepatic artery and hepatic portal vein). Sinusoids radiate from the centre to the
periphery of the lobule and their endothelial lining is perforated.

 Sinusoids alternate with bile canaliculi, small canals which carry bile.

 Attached to the walls of sinusoids are macrophagous cells called Kupffer cells.

How structure is related to function in the liver: 

 Kupffer cells ingest worn out red blood cells, bacteria and foreign particles from the blood flowing through the
liver.

 Closeness of hepatocytes (liver cells) with sinusoids and canaliculi enables them to receive nutrients and expel
waste substances.

 The excellent blood supply provides nutrients to the cells and enables wastes to be carried away.

 Hepatocytes bear numerous mitochondria for ATP production required in providing energy that facilitates
some of the metabolic reactions.

 Hepatocytes, which are in contact with blood vessels, bear microvilli to increase the surface area for exchange of
substances.

 The liver is large, providing large surface area for metabolic reactions to occur.

 Hepatocytes bear numerous peroxisomes containing catalase and other oxidative enzymes responsible for

detoxification of poisonous substances in the liver.

 Its tissue is elastic, enabling expansion to store large volume of blood

 Hepatocytes are similar in structure (undifferentiated) enabling them to perform various metabolic functions.



Page 17 of 26 

REGULATION OF BLOOD GLUCOSE 
Interaction between the liver and pancreas enable the blood glucose level to be maintained at optimum 

concentration of 90 – 100mg of glucose per 100cm3 of blood (approximately 0.1% or 0.1g per 100cm3 of blood), 
inspite of the fluctuations of up to a high of 150 – 200mg per 100cm3 or lowering of up to 70mg per 100cm3. 

How the liver and pancreas interact to maintain glucose level constant 
A rise in blood glucose level above the norm (known as hyperglycaemia) stimulates beta cells of the islets of 

langerhans in the pancreas to secrete the hormone insulin into blood. 
Insulin binds to body cells with insulin receptors and causes processes which reduce glucose concentration, for 

example:   

i) Increased cellular respiration in muscle and liver cells to form carbondioxide and water
ii) Increased glycogenesis (glycogen formation from glucose) in muscle and liver cells

iii) Increased conversion of glucose to fat and protein in adipose tissue
iv) Increased uptake of glucose in muscle cells.

A decrease in blood glucose level below the norm (known as hypoglycaemia) inhibits insulin secretion but
stimulates alpha cells of the islets of langerhans in the pancreas to secrete the hormone glucagon into blood.

Being the only cells with glucagon receptors, glucagon binds to liver cells causing them to increase blood glucose

level through:
i) Increased glycogenolysis (hydrolysis of glycogen to glucose).

ii) Increased formation of glucose from amino acids and glycerol. The formation of glucose from non -
carbohydrate sources is called gluconeogenesis.

Note: 
1. Insulin and glucagon are not the only hormones that control the blood glucose concentration.

Examples:
i) Adrenaline (from adrenal medulla) causes hydrolysis of glycogen to glucose during acute stress or excitement

and the usage of glucose and thus increases and reduces its concentration in blood respectively.
ii) Cortisol (from adrenal cortex) causes formation of glucose from amino acids and glycerol when glycogen

exhausts, hence increasing glucose concentration in blood.
iii) Growth hormone (from anterior pituitary) increases the glucose concentration in blood through fat

breakdown.

iv) Thyroxine (from thyroid gland) stimulates metabolic rate e.g. increased glucose breakdown.

2. In some people there may be insufficient secretion of insulin or the cells may be insensitive to insulin, resulting
in a condition known as diabetes mellitus.

Insulin dependent diabetes is caused by insufficient secretion of insulin while insulin independent diabetes
results from insensitivity of cells to insulin.

Symptoms of diabetes mellitus: hyperglycaemia (high blood sugar), Glycosuria (glucose in urine), frequent

copious urination, abnormal thirst, visual disturbances, itching of genitals, fatigue, rapid weight loss, drowsiness,
skin disorders e.g. boils, general weakness.
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Fig.19.4 Taylor DJ etal: Biological science 3rd edition pg650 and Figure 15.6 Phillips W. D and Chilton T. J : A-level Biology, revised ed.pg107 

FUNCTIONS OF THE LIVER: 
Some of the functions of the liver, out of the over 500 estimated it performs are digestive, regulatory, and 

excretory: 
a) It maintains a steady blood glucose concentration by conversion of glucose to glycogen (if above the norm)
and vice versa (if below the norm), under the influence of hormones. The liver’s carbohydrate meta bolism
involves the following: (Taylor DJ etal: Biological science 3rd edition pg666-671) 
i) Glycogenesis, promoted by insulin

ii) Glycogenolysis, promoted by glucagon

iii) Lactic acid metabolism, initiated by the enzyme lactate dehydrogenase
iv) Gluconeogenesis, promoted by cortisone and adrenaline hormones
(Fig. 19.22Taylor DJ etal: Biological science 3rd edition pg668) 
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b) The liver regulates amino acids and proteins (is involved in protein metabolism) in the body:
i) Excess amino acids are not stored in the body, any surplus is gotten rid of by the liver through deamination
process. This is involves removal of the amino group (-NH2) from the amino acid to form ammonia, which in

mammals is converted through a series of reactions (ornithine cycle) to urea [CO(NH2)2], which is shed from the

liver cells into the blood stream and transported to the kidney for excretion. The amino acid residue (keto acid) is fed into the

carbohydrate metabolism and oxidized to release energy, converted to glucose, glycogen or fat and stored.

ii) The liver also carries out transamination i.e. it transfers amino groups (-NH2) from amino acids to other

organic compounds to form amino acids that are deficient in the diet.
(Fig 4.7.3 Ann Fullick: Advanced Biology 200 edition page 331)also see (Fig 16.7and extension box  Michael Roberts & Reiss, etal: Advanced Biology, 1 st ed. 2000 Page 274) 

c) The liver regulates lipids (lipid metabolism) in the body:
i) Excess carbohydrate is converted to fat
ii) Stored fats are de-saturated prior to oxidation

iii) It synthesizes and degrades phospholipids and cholesterol
iv) It synthesizes lipid transporting globulins

Excess cholesterol in blood is excreted into bile by the liver to avoid their accumulation which can result in
atherosclerosis (narrowing of arteries) which can cause thrombosis (blood clotting in blood vessels). If cholesterol

is greatly in excess in bile, it forms gall stones, which can block the bile duct

d) The liver forms red blood cells and lymphocytes in foetus and breaks down worn out red blood cells in
adults:
The liver’s kupffer cells break down worn out red blood cells to form the bile pigment bilirubin which is excreted
in bile. The haemoglobin is broken down into globin, a protein and haem from which iron is removed and stored.

e) The liver synthesizes plasma proteins from amino acids:
They include albumin (a transport molecule), globulin (a transport molecule of hormones), prothrombin and

fibrinogen (clotting factors)
f) The liver produces bile, which is a mixture of salts and cholesterol
Bile emulsifies fats during digestion in the duodenum

g) The liver stores fat soluble vitamins A, D, E, K and water soluble vitamins B 12 and C
h) The liver stores minerals like Iron, potassium, copper, zinc and trace elements.
i) The liver stores up to 1500cm3 of blood in its vast network of blood vessels, hence acting as a blood reservoir
during emergency cases.

Summary of main reactions of the ornithine cycle 

(i) The amino group (NH2) of an amino acid is

removed and reacts with hydrogen to form ammonia.

(ii) Ammonia reacts with carbondioxide to form

carbamoyl phosphate, using energy from ATP.

(iii) The carbamoyl phosphate reacts with ornithine

to form citrulline.

Reactions (ii) and (iii) occur in the mitrochondrial 

matrix).

(iv) Citrulline diffuses into the cytoplasm of liver

cells and reacts with aspartate to form

argininosuccinate.

(v) Argininosuccinate splits into arginine and

fumarate. Fumarate can enter the krebs cycle.

(vi) Arginine is hydrolysed to form urea and

ornithine.

(vii) Urea formed is carried by the blood stream to

the kidneys for excretion in urine.



Page 20 of 26 

j) The liver destroys all hormones after exerting their effects in the body
k) The liver detoxifies poisonous substances i.e. naturally occurring compounds absorbed by the body, which
can be toxic if allowed to accumulate are rendered harmless by the liver cells (hepatocytes) e.g. ethanol is

oxidized to ethanal. Products of detoxification are usually excreted, but some times they are stored.

Liver disorders: 
1. Jaundice – characterized by a yellowish tint to the white of eyes, lightly pigmented skin.

2. Hepatitis – liver inflammation, caused by hepatitis viruses A, B, C, D, E
3. Cirrhosis – liver becomes fatty, then fibrous. Common in alcoholics.

4. Liver cancer – caused by exposure to chemicals like cigarette smoke, radiations like X-rays or genetic pathways

THERMOREGULATION (TEMPERATURE REGULATION) 

The necessity for thermoregulation: 

 Most body enzymes act efficiently within a narrow temperature range of 35 – 380C. Excessive temperature
exceeding 450C denatures enzymes and other proteins and below that range inactivates enzymes, both of which

are fatal.

 Excessively high or too low temperature disorganizes the structure and functioning of cell surface membranes,

and consequently affects entry and exit of substances resulting into death of the organism.

Terms associated with thermoregulation: 

Term Meaning Example(s) 

Endothermy  Ability of animals to maintain a constant body temperature. 

Mammals and birds  


 Endotherm An organism capable of maintaining a stable body temperature independent 
of the environmental temperature, by generating heat metabolically when 
environmental temperature is low. 

Homeotherm  
(Homoiotherm) 

An organism capable of maintaining a stable body temperature independent 
of the environmental temperature 

Poikilotherm An animal with a body temperature that fluctuates with that of the external 
environment Reptiles, fish, amphibians, insects, etc. 

(all other animals except mammas and 

birds) 
Ectotherm  Animal whose body temperature is regulated by behaviour or by the 

surroundings. 

(Fig. 19.6Taylor DJ etal: Biological science 3rd edition pg653) 
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Heat gain and loss in organisms 
Heat gain Heat loss 

 Heat is gained as a by-product of metabolism from
exothermic reactions

 Heat is lost by the evaporation of water from body  during
sweating and from body surfaces like mouth and
respiratory surface of land dwelling animals

 Heat may be gained from or lost to the environment by radiation. This is the transfer of energy in the form of electro
magnetic waves.

 Heat may be gained from or lost to the environment by convection. This is the transfer of heat by currents in air or

water.
 Heat may be gained from or lost to the environment by conduction. This is the transfer of heat by the collisions of

molecules. Conduction is particularly important between organisms and the ground or water, since air does not
conduct heat well.

Advantages and disadvantages of Endothermy 
Advantages Disadvantages 

Animals are able to exploit various environments regardless of 
the existing temperatures. 

There is high food intake during low environmental 
temperatures to support the metabolic reactions that liberate heat 

Enzyme controlled reactions proceed without much interruption 
most of the time 

Enzyme controlled reactions are slowed during low temperature 
because enzymes become inactive. 

Since high metabolic reactions are maintained all the time, plenty 
of energy is availed to support body processes. 

It requires efficient cooling mechanisms during hot temperatures 
to avoid overheating of the body, and efficient insulation when 

the external temperature is too low. 

Advantage and disadvantages of Ectothermy 
Advantages Disadvantages 

There is low food intake since regulation of temperature is by 
behavioural means and from the environment 

Animals limited environments to exploit depending on the 
existing external temperatures  

Their activities are limited during instances of extreme 

temperatures. 

THE HUMAN SKIN 
Figure 21.1 Phillips W. D and Chilton T. J, pg163AND Michael Roberts & Reiss, etal, P. 303-306 AND Toole Glenn and Susan: pg. 497 - 505 
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Functions of the skin: 
i) It is the major organ involved in temperature regulation in the body.
ii) It provides protection against mechanical damage, ultra violet radiation from the sun, microorganism invasion

and water loss of underlying tissues.

iii) It is a sense organ, containing sensory nerve endings for detecting temperature, touch, pressure and pain.
iv) It is an excretory organ of urea, salt and excess water.

v) It manufactures vitamin D when exposed to sun light. The dermis contains lipids called sterols which are
converted by ultraviolet light into vitamin D.

Response of endotherms to variation of temperature in external environment 
Response to hot conditions Response to cold conditions 

a) Physical and physiological means:

i) Vasodilation occurs i.e. superficial capillaries dilate to increase 

blood flow so that much heat can be lost by conduction and
radiation.
ii) Sweat production by sweat glands increases to enable evaporation 
of heat from the skin surface.

iii) Panting occurs in birds, dogs to increase heat evaporation from
the lungs, pharynx and other moist surfaces for body cooling.
iv) Erector pili muscles relax to lower hairs/fur, so that no insulating 
layer of air is trapped near the skin surface, enabling much heat loss

v) Metabolic rate reduces to minimise on the body heat generation.
b) Behavioural means (in man):

i) Taking cold drinks.

ii) Putting on light clothing.
iii) Moving to shady places.
iv) Taking a bath.
v) Being active mainly at night (nocturnability) 

a) Physical and physiological means:

i) Vasoconstriction occurs i.e. superficial capillaries narrow to reduce 

blood flow so that heat loss by conduction and radiation can be 
minimised.
ii) Sweat production by sweat glands reduces/stops to reduce 
evaporation of heat from the skin surface.

iii) Erector pili muscles contract to cause hairs/fur to ‘stand on end’
to trap an insulating layer of air near the skin to reduce heat loss by 
convection.
iv) Metabolic rate increases to generate extra heat in the body. This

occurs particularly in muscle and liver cells. Special brown fat may 
also be metabolized.
v) Shivering, which the involuntary contractions of the skeletal 

muscles occurs so as to generate heat metabolically. 
b) Behavioural means (in man):

i) Taking hot drinks.
ii) Putting on thick clothing.

iii) Moving near fire / heat sources.
iv) Turning on heat in houses.

(Fig 2 Kent Michael: Advanced Biology, 1st ed. 2000 Page 154) 
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PHYSIOLOGICAL RESPONSES TO VARYING ENVIRONMENTAL TEMPERATURE 

Two separate groups of naked people, one is exposed to gradually cooling air while another to gradually 

increasing air temperature. Their metabolic rates, physical changes and internal core body temperature are 

observed.  

Why naked people? To avoid physical interference of clothes or coverings such that observations made are based 

purely on physiological responses of the body. 

Figure 15.6 Roberts MBV: Biology a functional approach, 4 th ed. Page 238 AND FIG 15.3 PG 236 

1. Low critical temperature:

This is low environmental temperature at which physical mechanisms like vasoconstriction and erection of hair

fail to maintain body temperature constant, triggering a rise in metabolic rate to generate heat to maintain body

temperature constant.

2. Lower lethal temperature:

This is extremely low environmental temperature at which increased metabolic rate fails to generate enough heat 

to maintain body temperature constant, resulting into death of the organism. 

Hypothermia is the condition that results when heat loss greatly exceeds heat gain from metabolism due to 

prolonged exposure to cold, resulting into great reduction in core body temperature of the organism. 

3. High critical temperature:

This is high environmental temperature at which physical mechanisms like sweating and vasodilation fail to

maintain body temperature constant, triggering a rise in metabolic rate and body temperature as environmental

temperature rises.

4. Upper lethal temperature:

This is an extremely high environmental temperature at which increased metabolic rate generates excessive heat

which denatures enzymes and other structures, resulting into death of the organism.

5. Efficiency range (Range of thermo neutrality):

This is external temperature range at which the body’s physical mechanisms are capable of maintaining 

temperature constant. In man this is 27 – 310C. 

Efficiency range varies according to the environmental temperature in which the animal inhabits. This is because 

animals have the ability to acclimatize. If the environmental temperature is high, acclimatization is by raising the 

upper critical temperature and if low, acclimatization is by lowering lower critical temperature.  
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Figure 18.7 Michael Roberts & Reiss, etal, 1st ed. 2000 Page 311 also see Figure 15.7 Roberts MBV: 4th ed. Page 239 

Observations from the graph: 

a) The low critical temperature for animals living in cold places is much lower than for those, which live in warm places. E.g.
the desert kangaroo rat Dipodomys has a low critical temperature just below 300C, whereas the Arctic fox’s is about -400C.

b) The lower lethal temperature is much lower for cold-dwellers than for warm-dwellers.
c) Below the low critical temperature, the metabolic rate of warm-dwellers rises more sharply than in cold-dwellers.
d) The metabolic rate starts to rise at a much lower critical temperature for cold-dwellers that for warm-dwellers.

ADAPTATIONS TO EXTREME CLIMATES 
Adaptations to life at low temperatures Adaptations to life at high temperatures 

a) Structural adaptations:

 Possession of thick fur/hair for trap   ing a layer of air that is warmed 

and remains insulating the body against heat loss e.g. polar bears.

 Possession of thick layer of subcutaneous fat for insulation against heat 

loss e.g. polar bears and seals.

 Development of larger body size than their counterparts in warmer 

climates to reduce surface area to volume ratio in order to reduce heat 

loss. E.g. whales, polar bears. This is termed Bergman’s rule.

 Extremities such as ear lobes are of reduced size than related species in

warmer climates to reduce surface area for heat loss. This is termed 
Allen’s rule.

b) Other adaptations:

 Development of countercurrent heat exchange systems in limbs to 

enable heat conservation. By minimizing its loss to the environment.

E.g. in duck’s legs, dolphin’s flippers.

Countercurrent heat exchange system is heat conservation in limbs 

where there is effective heat transfer at all levels to the periphery of the 

limb, by conduction from the incoming warmer arterial blood to the 

outgoing colder venous blood. 

 Small sized animals hibernate e.g. bats, dormice, hamsters, hedgehogs,

and rodents like mice.

Hibernation is seasonal response by animals to cold temperature during 

which they become dormant, body temperature and metabolic rate fall to 

the minimum required for maintaining the vital activities of the body. The 

animals, said to be in ‘deep sleep’ ably reduce energy needs to survive the 

winter when food is scarce. 

Brown fat is conserved and used up rapidly at the end of hibernation to 

quickly raise the metabolic heat 

 Some animals migrate to warmer places e.g. birds like swallows 

a) Structural adaptations:

 Development of smaller body size than their counterparts

in colder climates to increase surface area to volume ratio in 

order to increase heat loss. 

 Extremities such as ear lobes are large, thin with rich

blood supply to enable heat loss more easily e.g. elephant’s 

ears. 

 Having tissues that are tolerant to large temperature

fluctuations between day and night e.g. the camel 

 Bodies are thinly insulated with fat to increase heat loss.

b) Other adaptation:

Some animals aestivate. Aestivation is seasonal response by 

animals to drought or excessive heat during which they 

become dormant, and the metabolic rate together with body 

temperature reduce to the minimum required for maintaining 

the vital activities of the body.  

E.g. African lungfish burrows into mud till the dry season

ends, earthworms and garden snails also aestivate. 

Brown fat is a special type of heat producing fatty tissue which owes its colour to the numerous mitochondria it contains. The mitochondria generate heat rather 
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than ATP. Animals moving out of hibernation break it down and it generates heat more quickly than ordinary fat since it has a  good blood and nerve supply 

Figure 18.10 Michael Roberts & Reiss, etal: Advanced Biology, 1st ed. 2000 Page 312 AND Figure 21.6 Phillips W. D and Chilton T. J : A-level 
Biology, revised ed.pg167 

Two mammals were exposed to varying air temperatures, and each time the temperatures were varied, various 

metabolic rates were determined, and the results of the findings tabulated. 

Environmental temperature / 0C -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 

Relative metabolic rate 
Mammal A 4.0 3.5 3.1 2.6 2.2 1.8 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.1 1.2 

Mammal B 5.0 4.0 3.0 2.0 1.1 1.1 1.1 1.1 1.2 1.3 

a) Plot suitable graphs to show these relationships.

b) Describe each of the graphs you have plotted.

c) Explain the observed patterns of relationships.

d) Why did the experiment fail to determine the relative metabolic rate of mammal B for temperatures above 500C

and below 50C?

e) Assuming that mammals A and B show very close evolutionary relationships, distinguish between their

relative sizes and show how they are related to their survival strategies in different environmental conditions

TEMPERATURE CONTROL IN ECTOTHERMS 
This is mainly achieved through modification of behaviour of the organism, which may include: 

 Basking in the sun, at varying angles relative to the sun’s rays so as to gain heat e.g. lizards and crocodiles.

 Hiding in burrows, holes or crevices in rocks away from sunlight reduces temperature e.g. lizards.

 Panting and exposing the moist tissues of the mouth, by licking the body surface or by swallowing in water an
animal can increase evaporation and so heat loss from the body.

 Thermal gaping, opening the mouth to enable evaporation of moisture from the buccal cavity to cool blood e.g.
alligators.

 Thermal dancing when it is hot i.e. lifting of opposite pairs of feet alternately so that they can cool in air e.g.
shovel-snout lizards.

 Salivation over the neck and legs in tortoises to increase loss of heat as a result of water evaporating from such

surfaces.

ROLE OF THE BRAIN IN TEMPERATURE REGULATION 
The thermoregulatory centre in the hypothalamus of the brain is responsible for temperature regulation in the 
body. 
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 Variation in body temperature is directly monitored by heat receptors in the hypothalamus and indirectly by
receptors in the skin. Receptors in the skin monitor variation of external temperature.

 If the temperature of blood flowing through the hypothalamus drops, the heat gain centre is stimulated to send

impulses to the liver and muscles to raise metabolic rate so as to generate heat, and to the skin to cause
vasoconstriction to reduce heat loss at the skin surface, reduction in sweat production, contraction of erector pili

muscle and shivering. The overall result is increased body temperature to normal.

 If the temperature of blood flowing through the hypothalamus rises, the heat loss centre is stimulated to send
impulses to the skin to cause vasodilation to enable more heat loss at the skin surface, increased sweat

production to enable more evaporation, relaxation of erector pili muscles to lower the hairs to avoid air

insulation, and to inhibit shivering to minimise heat production by metabolic reactions.  All these enable
lowering of temperature to normal.

 Variation in external temperature stimulates receptors in the skin to send impulses to the brain and the
animal’s behaviour is modified accordingly e.g. if the skin heats up, the animal may move to the shade, while
cooling of the skin surface may give rise to increased metabolic activity.

TEMPERATURE CONTROL IN PLANTS 
Plants lose and gain heat by the same physical processes as animals – radiation, evaporation, conduction, and 

convection. 
Plant tissues can tolerate wide fluctuation in temperature and are adapted to live in a variety of habitats, but still 

they must regulate temperature to avoid overheating which would denature enzymes, and freezing of tissues 
which would slow down metabolic processes. 

 Plants avoid overheating by:

i) Transpiration – as the water evaporates into the atmosphere, plant bodies cool down.
ii) Wilting – parenchyma cells lose turgidity and drop to reduce the surface area of leaves and stems  exposed to

the sun, hence avoiding much heat gain.
iii) Possession of shiny cuticle on leaves to reflect heat (sun’s radiation) and avoid overheating.

iv) Possession of small needle-like leaves in some plants also reduces excessive heat gain from the sun’s rays.

 Plants avoid overcooling by:

i) Producing spores or seeds, which are very temperature resistant.

ii) Losing the easily damaged leaves when external temperature is low e.g. during winter in temperate plants.
iii) Orientating leaves to take maximum advantage of light at any one time so that they do not shade each other
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Organisation of the Human Nervous System  

NERVE CELLS (NEURONES) 
A neurone (nerve cell) is a specialised cell adapted to rapidly carrying electrochemical changes called nerve 
impulses from one part of the body to another. 

(i) Sensory neurone (ii) Interneuron (iii) Motor Neurone

Polarity Bipolar (has two extensions) Multipolar (has many extensions) Unipolar (has one extension) 

Length of Fibers  Long dendrites and short axon Short dendrites, axon length varies Short dendrites and long axons  

Location 

Cell body and dendrite are 

outside of the spinal cord; the 

cell body is located in a dorsal 

root ganglion 

Entirely within the spinal cord or 

CNS 

Dendrites and the cell body are 

located in the spinal cord; the 

axon is outside of the spinal cord 

Function 
Conduct impulse to the spinal 

cord 

Interconnect the sensory neuron with 

appropriate motor neuron 

Conduct impulse to an effector 

(muscle or gland) 

Motor (Effector) Neurone 

Sensory (Receptor) Neurone 
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Interneuron (relay/internuncial/association) neurone 

Description of structure of a motor neurone How the motor neurone is suited for functioning 

A neurone has a cell body which contains a relatively

large nucleus, mitochondria, ribosomes, numerous rows of

rough endoplasmic reticulum called Nissl’s granules .

There are short cytoplasmic extensions of the cell body

called dendrons, which subdivide into smaller branched 

fibres called dendrites. 

A single elongated cytoplasmic extension called axon

branches off the cell body, with a narrow diameter (about 

10µm) 

Many companion cells called Schwann cells  wrap their

cell membrane in intervals, around the axon many times in a 

spiral to form a thick insulating lipid layer called the myelin 

sheath. 

The part of the axon not covered by the myelin sheath is

called the node of Ranvier. 

The nucleus is relatively large to coordinate the

metabolic activities all over the large cytoplasm of the cell.

There are very many rows of rough endoplasmic reticula

(Nissl’s granules) for massive production of proteins and 

neurotransmitters. 

The dendrites are numerously branched to increase the

surface area for synapting with several other neurones.

Axon is long to carry impulses to the target parts.

 The axon membrane is wrapped with a myelin sheath for

electrical insulation.

The axon membrane is wrapped with a thick myelin

sheath for protection against damage. 

 The axon membrane is wrapped with a myelin sheath at

intervals around the axon which increases speed of impulse 

transmission through salutatory conduction. 

Differences between axons and dendrites 

Axons Dendrites 
Take information away from the cell body Bring information to the cell body 
Smooth Surface Rough Surface (dendritic spines) 

Generally only 1 axon per cell Usually many dendrites per cell 

No ribosomes Have ribosomes 

Can have myelin No myelin insulation 

Branch further from the cell body Branch near the cell body 

Comparison of Neurons and other Cells in the Body  
Similarities: All: (1) are surrounded by a cell membrane (2) have a nucleus that contains genes (3) contain 
cytoplasm, mitochondria and other organelles (4) carry out basic cellular processes such as protein synthesis 
and energy production. 

Differences: 

Neurons Other cells in the body 

Have specialised extensions called dendrites and axons. Lack dendrites and axons 

Communicate with each other through an electrochemical process. No such electrochemical communication 

Contain some specialized structures (for example, synapses) and 

chemicals (for example, neurotransmitters). 

No neurotransmitters  

Satellite cells 

These are cells associated with the nervous system but 

cannot conduct impulses.  

Examples: 

Schwann cells  which wrap their cell membrane

around the axon and carry out phagocytosis  of cell 

debris, increase speed of impulse transmission, and 

protect the axon against damage. 

Neuroglia in the brain and spinal cord form 

membranes, others are phagocytic while some are

thought to be involved in memory.

NB: Neuroglia are more numerous than neurones
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Reflex arc 
The neural pathway over which impulses travel to produce a reflex action, consisting of at least one afferent 
(receptor) and one efferent (effector) neuron 

 

FUNCTIONING OF NEURONS 
Neurones are electrically excitable cells i.e. they can change their membrane potential and are capable of 
transmitting electrical nerve impulses. The impulses are due to events in the cell membrane. 

THE RESTING MEMBRANE POTENTIAL  
This is the potential difference between the two sides of the membrane of a nerve cell when the cell is not 
conducting an impulse. The membrane potential (Vm) is given as:  Vm = Vin – Vout; where Vin is the potential 
on the inside of the cell membrane, Vout the potential on the outside. By convention, the potential outside the 
cell is defined as zero, therefore the resting potential (Vr) is equal to Vin, and is usually between -60mV to  
-70mV (indicating that the inside of the cell is 70 millivolts less than the outside of the cell)

Describe how the resting membrane potential is created and maintained 

How the resting membrane potential is created 

The protein pump called the sodium-potassium pump  (Na+K+ATPase) in all animal cell membranes actively
pumps simultaneously 3 sodium ions out of the cell and 2 potassium ions in, causing a higher concentration of
sodium ions outside the membrane than in the cytoplasm, and more potassium ions in the cytoplasm than
outside the membrane thus creating a chemical gradient.
Although sodium and potassium ions later diffuse along their gradients, the axon membrane is 100 times more
permeable to potassium ions which therefore leak out of the cytoplasm faster than the sodium ions leak in
because most of the potassium gates are open while most of those of sodium are closed, resulting in a potential 
difference (difference in charge) between the negative inside of the neurone and the positive outside, called the

resting membrane potential.

How the resting membrane potential is maintained 

Further outward movement of potassium ions causes the axon membrane outside to become positively
charged and hinders further outward movement of potassium ions due to a great attraction by the negatively
charged inside which compels them to move into the axon and the repulsion by the positively charged outside
which prevents them from moving out of the axon.
An equilibrium is established in which the chemical and electrical gradients are balanced and there is no net
movement of ions.

Categorisation of reflex arcs  
1. Monosynaptic reflex arc: A reflex arc
consisting of only a single chemical synapse
between one sensory neuron, and one motor
neuron e.g. Patellar reflex, Achilles reflex, 
Muscle spindle reflex
2. Polysynaptic reflex arc: A reflex arc
comprising of one or more interneurons
connecting the afferent (sensory) and efferent
(motor) neurones

NB: All but the most simple reflexes are polysynaptic, 

allowing processing or inhibition of polysynaptic reflexes 

within the brain 

http://en.wikipedia.org/wiki/Sensory_neuron
http://en.wikipedia.org/wiki/Motor_neuron
http://en.wikipedia.org/wiki/Motor_neuron
http://en.wikipedia.org/wiki/Patellar_reflex
http://en.wikipedia.org/wiki/Achilles_reflex
http://en.wikipedia.org/wiki/Muscle_spindle
http://en.wikipedia.org/wiki/Afferent_nerve
http://en.wikipedia.org/wiki/Sensory_system
http://en.wikipedia.org/wiki/Efferent_nerve
http://en.wikipedia.org/wiki/Motor_system
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Distribution of the major ions inside and outside the neuronal membrane at rest of the squid giant axon and 

mammal (cat) 

Ion 
Concentration in 

cytoplasm / mmol dm-3 

Concentration outside 

cell / mmol dm-3 
Comment on ion movement down their concentration gradient 

Squid Cat Squid Cat 

K+ 400 140 20 5 K+ ions do not move out of the neurone down their concentration 

gradient due to a build up of positive charges outside the membrane. 

This repels the movement of any more K+ ions out of the cell. Na+ 50 10 440 145 

Cl- 52 10 560 125 

The chloride ions do not move into the cytoplasm as the negatively 

charged protein molecules that cannot cross the surface membrane 

repel them. 

A-

(organic 

anions) 

385 ---------- ---------- ---------- 

Organic anions are primarily amino acids and protein, which are 

synthesized inside the cytoplasm and their outward flow is restricted 
by the plasma membrane due to large size. 

Note: 
1. The Na+K+ATPase is thought to have evolved as an osmoregulator to keep the internal water potential high
and so stop water entering animal cells and bursting them. Plant cells don’t need this as they have strong cells
walls to prevent bursting.
2. Had it not been for the sodium and potassium ion ‘leak’ channels  in the membrane to check the
Na+K+ATPase pump, a situation would result when there would be no sodium or potassium ions left to pump.
3. The sodium and potassium channels are voltage-gated, which means that they can open and close depending
on the voltage across the membrane.

THE ACTION POTENTIAL   
This is a rapid change in the membrane potential of an excitable cell, caused by stimulus-triggered, selective 
opening and closing of voltage sensitive gates in sodium and potassium ion channels.  

Action potential has two main phases: 

1. Depolarisation:

A stimulus can cause the membrane potential to change a little.

The voltage-gated ion channels can detect this change, and when
stimulated past threshold (about –30mV in humans), the sodium 

channels open for 0.5ms.

This causes sodium ions to rush in, making the inside of the cell more

positive.

This phase is referred to as a depolarisation since the normal voltage

polarity (negative inside) is reversed (becomes positive inside).
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2. Repolarisation:

The region of positive charge causes nearby voltage gated sodium 
channels to close.  
Just after the sodium channels close, the potassium channels open 
wide for 0.5ms, causing potassium ions to rush out, making the inside 

more negative again, so the charge across the membrane is brought 
back to its resting potential.   
This is called repolarisation.  As the polarity becomes restored, 

there is a slight ‘overshoot’ in the movement of potassium ions (called 

hyperpolarisation).   

This process continues as a chain-reaction along the axon.   
The influx of sodium depolarises the axon, and the outflow of 
potassium repolarises the axon.  
The resting membrane potential is restored by the Na+K+ATPase pump. 

Qn. The figure below represents a recording of the changes in potential difference across a nerve fibre membrane during the 

passage of an action potential. 

Resting membrane potential 
At (i): Both the voltage-gated sodium and potassium channels are closed. The membrane’s resting potential is 
maintained by the Na+/K+ pump and the permeability of the membrane which permits facilitated diffusion of 
more K+ ions out and less Na+ ions 
At (ii): A stimulus triggers the opening of some sodium voltage-gated channels. When the influx of Na+ ions 
exceeds threshold potential, more sodium voltage-gated channels open 

Depolarization phase of the action potential 
At (iii): The activation gates of the voltage-gated sodium channels open. There is influx of Na+ ions into the 
cell and the cell becomes more positive. The voltage-gated potassium channels remain closed. 
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Repolarization phase of the action potential 
At (iv): Inactivation gates close voltage-gated sodium channels. Voltage-gated potassium channels open and K+ 
ions diffuse out of the cell. The loss of positive K+ ions cause the inside of the cell to become more negative 
than the outside. 

Hyperpolarization / Undershoot 
At (v): Both gates of the voltage-gated sodium channels are closed. The voltage-gated potassium channels 
remain open because their gates close slowly. Within one or two milliseconds, voltage-gated channels close. 

Re-establishing resting potential 
At (vi): The resting potential is re-established by the Na+/K+ pump and facilitated diffusion through ion 
channels. 

ROLE OF THE NEURONE MEMBRANE IN ESTABLISHMENT OF A RESTING POTENTIAL 
1. Membrane is polarised; inside of axon is more -ve than outside
2. A resting potential of -70mV is maintained by: 
(i) Negatively charged proteins / large anions inside axon
(ii) Membrane more permeable to K+ ions than to Na+ ions / K+ ions move out faster than Na+ ions diffuse in
(iii) Sodium/potassium pump / Na+ ions pumped out faster than K+ ions pumped in
3. Electrochemical gradient determines movement of ions: 
(i) K+ cannot move down its conc. gradient
(ii) Build-up of positive Na+ outside membrane repels K+

4. Imbalance of negative ions causes potential difference/voltage: 
(i) Cl- cannot move down its concentration gradient
(ii) Negatively charged proteins in cytoplasm repel Cl-

NEURONE EXCITABILITY DURING AND AFTER AN IMPULSE 
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Refractory period 

1. Represents a time during which the membrane cannot be depolarised again.
(i) Occurs during repolarisation and hyperpolarisation
(ii) Membrane is impermeable to Na+ ions / sodium ion channels closed
(iii) Sodium ions cannot enter axon
(iv) K+ ions move out as membrane is more permeable to K+ ions
(iv) Membrane becomes more negative than resting potential

2. Nerve impulses can only travel in one direction.
(i) Action potential can only depolarise the membrane in front
(ii) Membrane behind is recovering from refractory period (previous action potential)

3. Refractory period limits frequency with which neurones can transmit impulses

(a) Absolute refractory period: is when it is not possible to elicit another action potential despite the size of
the stimulus.
Na+ channels are recovering and no matter what stimulus is applied, they cannot activate to allow Na+ in  and
depolarise the membrane to the threshold of an action potential.

(b) Relative refractory period: is when it is more difficult to elicit an action potential, but still possible if a
greater stimulus is used than is needed at rest.
In relative refractory period some of the Na+ channels have re-opened but the threshold is higher than normal 
making it more difficult for the activated Na+ channels to raise the membrane potential to the threshold of
excitation.

All-or-nothing nature of nerve impulses
All-or-nothing law: “The magnitude (size) of the action potential (nerve impulse) is independent of and is not a
function of the intensity of the stimulus, provided the stimulus is of threshold value”.
(i) Threshold stimulus → impulse that causes an action potential
(ii) Stimulus transmits an impulse at a constant and max strength
(iii) Transmission is independent of any intensity of the stimulus
(iv) High frequency of impulses / more amount of sodium entry / more ATP
(v) Subthreshold stimulus → stimulus weaker than a threshold stimulus
(vi) Summation → series of subthreshold stimuli cumulate to cause an action potential
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FACTORS THAT AFFECT NERVE CONDUCTION VELOCITY 
1. Axon diameter:
(i) Impulses faster in an axon with larger diameter because longitudinal resistance of axoplasm decreases with
increasing diameter of axon, which increases the length of the membrane influenced by local circuit as the
distance between adjacent depolarisations increases; causing increased conduction velocity.
(ii) Small cells or cells with large surface area : volume ratio or ion leakage weakens membrane.
(iii) Myelin sheath stops ion leakage; therefore large diameter only important for unmyelinated neurons

2. Myelination and saltatory conduction:
(i) Myelination speeds up conduction. In a myelinated neuron, the conduction velocity is directly proportional 
to the fiber diameter.
(ii) Schwann cells prevent diffusion of ions; flow of current occurs only between adjacent nodes of Ranvier
(iii) Therefore, depolarisation only at nodes of Ranvier because action potential jumps from node to node

3. Temperature:
Homoiotherms with steady body temperature have faster impulse propagation than poikilotherms which have
fluctuating body temperature.
4. Resting membrane potential: Effect of RMP changes on conduction velocity is quite variable. Usually, any
change in the RMP in either direction (hyper polarization or depolarization) slows down the conduction velocity

SYNAPTIC TRANSMISSION 

Structure of a synapse  

Synaptic cleft (gap) of 20nm separates two neurones at a synapse (junction of 2 neurones) 

o Presynaptic membrane is at the end of a neurone

o Postsynaptic membrane is at the next neurone in the chain

Synaptic knob of a presynaptic neurone contains neurotransmitters in small vesicles 
Mitochondria to produce ATP needed for neurotransmitter synthesis
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MECHANISM OF TRANSMISSION AT AN EXCITATORY SYNAPSE 

1. Nerve impulse reaches synaptic knob/presynaptic membrane/neurone

2. Depolarisation opens Ca2+ gates / calcium ions enter

3. Entry of Ca2+ causes vesicles containing neurotransmitter to fuse with presynaptic membrane

4. Release of neurotransmitter into synaptic cleft by exocytosis

5. Neurotransmitter diffuses across synaptic cleft within 0.5 ms

6. Neurotransmitter binds to specific receptors in postsynaptic membrane

7. In excitable synapses, Na+ channels open to allow inward diffusion of Na+ ions into postsynaptic neurone

(i) Postsynaptic membrane gets depolarized.

(ii) A new potential known as excitatory postsynaptic potential (EPSP) is created, which at threshold levels

generates an action potential that is transmitted along postsynaptic membrane.

8. Neurotransmitter are quickly removed from the postsynaptic membrane: 

(i) The neurotransmitter e.g. noradrenaline can diffuse actively into the synaptic knob of presynaptic membrane.

(ii) Taken up by presynaptic membrane by endocytosis
(iii) Enzyme acetylcholinesterase splits acetylcholine into choline and acetate. Choline which is absorbed into
the synaptic bulb combines with acetyl coenzyme A to form acetylcholine.

9. In inhibitory synapses, the neurotransmitter molecules cause the opening of Cl- ion and or K+ ion-gated

channels.

(i) Facilitated diffusion of Cl- into the cell and or K+ ions out of the cell causes the postsynaptic membrane to

be hyperpolarized.
(ii) This is known as inhibitory postsynaptic potential (IPSP) and makes it difficult to generate an action
potential in the post-synaptic cell.

Differences between the two types of postsynaptic membrane potentials (EPSP and IPSP) 
(i) EPSPs are graded potentials that can initiate an AP in the axon, whereas IPSPs produce a graded potential 
that lessens the chance of an AP in an axon.
(ii) EPSP - small depolarization is created; IPSP - small hyperpolarization is created.
(iii) EPSP - helps bring postsynaptic membrane closer to threshold; IPSP - helps bring postsynaptic membrane
further from threshold.
(iv) EPSP - membrane becomes more excited; IPSP - membrane becomes less excited.
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Common types of transmitters (Acetylcholine and Noradrenaline) 

(a) Acetylcholine released by cholinergic nerves like: 

(i) Motor neurones on to muscle cells

(ii) Neurones in the parasympathetic division of the ANS (autonomic nervous system)
(b) Noradrenaline  (norepinephrine ) is released adrenergic nerves in the sympathetic division of the ANS
(c) Dopamine

(d) Serotonin, including amino acids glutamate and glycine

Functional classes of neurotransmitters  
1. Excitatory - (e.g., acetylcholine and glutamate) causes depolarization

2. Inhibitory (e.g., Gamma-Amino butyric Acid – “GABA” and glycine) causes hyperpolarization

DRUGS 

Chemical substances which causes a change in the natural chemical environment and functioning of the body. 

(a) Cocaine blocks reuptake of neurotransmitter e.g. dopamine

(b) Curare blocks  action of acetylcholine by binding to receptors on the post synaptic membrane.

(c) Organophosphate insecticides and nerve gases block acetylcholinesterase, thus acetylcholine remains active

for longer periods.

NOTE:  

(i) Being an antagonist of acetylcholine-receptors and adrenaline-receptors  on membrane of muscle cells in

heart, curare  in small doses is used as a general muscle relaxant in patients undergoing major surgery.
(ii) Curare is commonly applied on tips of hunting arrows to paralyse animals.

ASPECTS OF SYNAPTIC TRANSMISSION 

1. Unidirectionality
(i) Neurotransmitter always travels from pre- to postsynaptic membrane
(ii) Therefore flow in one direction only, action potential only in postsynaptic neurone

2. Summation
(i) Several presynaptic neurones release neurotransmitter
(ii) Cumulative effect reaches a threshold to depolarise postsynaptic membrane
(iii) E.g. rod cells when they synapse with relay neurones in the retina
(a) Spatial summation
(i) Several impulses arrive at one neurone via several synapses
(ii) Cause sufficient depolarisation / open sufficient sodium ion channels
(iii) For threshold to be reached

(b) Temporal summation
(i) Several impulses arrive at same neurone via same synapse
(ii) Neurotransmitter reaches and exceeds threshold to cause an action potential in post synaptic cell.
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3. Response latency

This is the time lag between the time a stimulus is present in the environment and the time a neuron

responds, due to synaptic transmission.
4. Inhibition
(i) More inhibitory postsynaptic c potentials (IPSPs) than excitatory postsynaptic potentials (EPSPs)
(ii) Reduces membrane potential / makes more negative
(iii) Hyperpolarisation of postsynaptic membrane
(iv) Cancels effect of action potential when several synapses

Functions of synapses 
(i) They transmit information between neurones.
(ii) They filter out low frequency impulses.
(iii) They act as valves to ensure that impulses pass across them in one direction only.
(iv) They also act as junctions allowing impulses to be divided up along many neurones or merge into one.
(v) To protect effectors from damage by overstimulation.
(vi) Synapses may be involved in memory and the learning process.

STRUCTURE AND FUNCTIONS OF THE BRAIN 

THE BRAIN 
(a) Enclosed by the skull bone, surrounded by meninges, which consists of three protective membranes:
(i) Outer – Dura mater; fibrous
(ii) Middle – Arachnoid; serous
(iii) Inner  - Pia; vascular
(b) Made up of
(i) Grey matter: consists of cell bodies of neurons
(ii) White  matter: consists of mainly nerve fibres (axons). Neuroglial cells support and protect the brain
(c) Ventricles are cavities in the brain, richly supplied with cappilaries
(d) Cerebrospinal fluid: fills the spaces within the brain and also between the outer two membranes of the
meninges.
(i) It cushions against mechanical disturbances.
(ii) Supplies digested food nutrients and oxygen to brain cells.
(iii) Removes wastes from brain cells.
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PARTS OF THE BRAIN AND THEIR FUNCTIONS 
The brain is divided into three major regions: 
(1) Hindbrain, (2) midbrain and (3) forebrain.
Each region is composed of different brain parts that work together to process the information they receive.

HINDBRAIN PARTS 

(a) medulla, (b) cerebellum and (c) pons.
Medulla is where the spinal cord enters the skull. It is responsible for controlling breathing, regulating 
reflexes, and maintaining an upright posture of the body.
Cerebellum: is responsible for coordinating motor activity (movements of the body), so that extensive 
damage of the cerebellum can cause failure to even stand up.
Pons:

(i) Serves as the bridge towards the midbrain.
(ii) Responsible for monitoring sleep and arousal by coordinating with the autonomic nervous system.

Brain Stem:  
(i) Composed of the hindbrain, plus the midbrain, minus the cerebellum.
(ii) Involved in alertness and in monitoring basic survival functions such as breathing, heartbeat, and blood
pressure.

MIDBRAIN  
(a) The Midbrain serves to relay information between the hindbrain and the forebrain, particularly information
coming from the eyes and the ears.
(b) Composed of: 
(i) Reticular formation,
(ii) Cluster of neurons having dopamine, serotonin and norepinephrine receptors.
(c) The reticular formation is involved with stereotypical patterns of behavior such as walking, sleeping, and
other reflexes.
(i) Usually affected by Parkinson's disease, a degenerative disease of the brain that causes involuntary tremors.

FOREBRAIN 
(a) Forebrain is considered as the highest region of the brain because it essentially differentiates us humans
from the rest in the animal kingdom.
(b) Composed of: 
(i) Limbic system,
(ii) Thalamus,
(iii) Hypothalamus,
(iv) Basal ganglia,
(v) Cerebral cortex.

1. Limbic system
(a) Made up of the amygdala and the hippocampus .
(b) Generally involved in memories and emotions.
Amygdala is responsible for processing emotions; awareness and expression.
(i) Helps us discriminate one object from another hence critical for our survival e.g. damage of the amygdala
may cause us humans to eat our own feces, fight the wrong "enemy", or try to mate with a chair.
Hippocampus is presumably involved in memory storage.
(i) Its damage causes inability to store new information.
2. The thalamus
(a) Sorts and relays incoming information to the different parts of the forebrain e.g. information coming from
the cerebellum is oftentimes relayed to the motor cortex in the cerebral cortex.
(b) The thalamus also works with the reticular formation on regulating states of sleep and wakefulness.
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3. Hypothalamus
(i) It monitors pleasurable activities such as eating, drinking and sex.
(ii) It influences the endocrine system, particularly the pituitary gland, in secreting hormones in response to
different emotions, stress and rewarding feelings.

4. Basal ganglia
(i) It works with the cerebral cortex and the cerebellum for coordinating voluntary movements, particularly in
forming habitual behaviors, such as bicycle riding and typing.
5. Cerebral cortex
(i) The most recently developed (or evolved) part of the brain.
(ii) Also the largest part of the human brain, making up to 80% of the brain's volume.
(iii) It is where high-level processing takes place.

THE CEREBRAL CORTEX 
(a) Divided into two (2) hemispheres: 
(i) Left hemisphere is associated with verbal processing, such as speech and grammar, and mathematics;
(ii) Right hemisphere is involved with nonverbal processing, such as spatial perception, visual recognition and
emotion.
(a) The left hemisphere processes information coming from the right side of the body, while the right
hemisphere processes information coming from the left side of the body.
(b) The two hemispheres of the brain are connected with each other by a bundle of axons called the corpus

callosum. This connection allows the left and the right hemispheres to communicate and integrate information
with each other.
(c) Logical thinking is predominantly on left brain activity, creative activities are more associated with right
brain activity.
(d) The cerebral cortex is also divided into lobes - occipital, temporal, parietal and frontal; cortices and
association cortices - visual, auditory, motor and sensory.

1. Occipital Lobe

(a) Located at the back of the head
(b) Involved in processing visual information, such as color, shape and motion hence the visual cortex and
visual association cortex are located in this lobe.
(c) Damage to the occipital lobe may cause cross-eyeing and blindness partly or entirely of the visual field. The
2. Temporal Lobe

(a) Located just above the ears and is involved in hearing, language processing and memory (due to its
connection with the limbic system).
(b) It is the location of auditory cortex, auditory association cortex, and part of the visual association cortex.
(c) Damage to the temporal lobe leads to failure to store new information.
3. Parietal Lobe

(a) Located at the top of the head and towards the rear.
(b) It is involved in attention and motor control, in processing spatial location, and in perceiving pain, touch and
temperature.
It is said that Albert Einstein's parietal lobe is 15% larger than average, probably the reason why he oftentimes
imagined objects in space while formulating his theories. The sensory association cortex is located in this lobe.
4. Frontal Lobe
(a) Located just behind the forehead and towards the top of the head.
(b) Constitutes 30% of the cerebral cortex in humans, 17% in chimps, 3.5% in cats, and it barely exists in rats.
(c) Involved in the control of voluntary muscles, intelligence and personality.
(d) The most important portion of the frontal lobe is the prefrontal cortex, which is involved in planning,
reasoning, and monitoring and organizing thinking.
(e) Damage to the frontal lobe causes failure to follow basic directions, distraction from irrelevant stimuli, and
personality change.
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AUTONOMIC NERVOUS SYSTEM (ANS) 
(a) Contains only motor nerves
(b) Regulates activities of internal glands + cardiac and smooth muscles.
(c) Contains the antagonistic sympathetic and parasympathetic systems.
(d) Most organs innervated by ANS receive both sympathetic and parasympathetic nerves.

Outline of the functions of parasympathetic and sympathetic divisions of the ANS 

Target Organ/Tissue 

Effect on organ: 

Motor neurone releases: 

Parasympathetic Stimulation 
Inhibitory effect / relaxation 

Acetylcholine (ACh) 

Sympathetic Stimulation 

Excitatory effect / stress 

Norepinephrine (noradrenaline) 

Iris of eyes Constricts pupil Dilates pupil 

Bronchi, bronchioles Constricts tubes Dilates tubes 

Blood vessels - Dilates blood vessel

- Lowers blood pressure

- Constricts blood vessels

- Raises blood pressure

Heart - Lowers heart rate

- Lowers stroke volume

- Raises heart rate

- Raises stroke volume

Intercostal muscles Lowers breathing rate Raises breathing rate 

Salivary glands  Stimulates secretion of salvia Inhibits secretion of salvia 

Gut Stimulates peristalsis Inhibits peristalsis 

Sweat glands  No effect Increases sweat production 

HUMAN CHEMICAL COORDINATION 

1. Chemical signals: chemical substances that can alter cell metabolism or the behaviour of an individual

Types of chemical signalling 

(a) Local signalling:
(i) In Paracrine signalling, a secretory cell secretes local regulator molecules (e.g. prostaglandins) that diffuse
through extracellular fluid to act on nearby target cells.
Prostaglandins are physiologically active lipid compounds having diverse hormone-like effects like capillary
permeability, smooth muscle tone, clumping of platelets, and pain process of inflammation.
(ii) In Synaptic signalling, a neurone releases neurotransmitter molecule (e.g. Acetylcholine) which diffuses
through the synaptic cleft and to act on adjacent neurones.

(b) Long distance signalling:
Specialised endocrine cells secrete hormones into body fluids (mainly blood) and carried to target organs.
(c) Signalling between individuals of a species:
Chemical substances (e.g. pheromones) are emitted to influence the reproductive behaviour of some mammals

and insects.

2. Receptors for chemical messengers:
Proteins with specific binding sites either in the cytoplasm, or nucleoplasm or plasma membrane of target cell.

3. Target cells:
Cells that can recognise and respond to specific chemical signals.
4. Hormones: Chemicals secreted by endocrine glands into blood and bring about specific physiological action
(excitatory or inhibitory) away in target organs.

5. A neurosecretion: a chemical messenger that is synthesised, stored and released into blood by
neurosecretory cells (nerve cells in the brain) and brings about specific physiological action (excitatory or
inhibitory) away in target organs.



Page 15 of 21 

Properties of hormones 
(i) Are secreted by endocrine gland.
(ii) Their secretions is released directly into blood (except local hormones e.g. gastrin).
(iii) Are carried to specific organs, called target organs .
(iv) Have specific physiological action (excitatory or inhibitory).
(v) They co-ordinate different physical, mental and metabolic activities and maintain homeostasis.
(vi) The hormones have low molecular weight e.g. ADH has a molecular weight of 600–2000 daltons.
(vii) They act in very low concentration e.g. around10–10 molar.
(viii) Hormones are non-antigenic.
(ix) Are mostly short-lived, so have a no cumulative effect.
(x) Some hormones are quick acting e.g. adrenalin, while some acting slowly e.g. oestrogen of ovary.
(xi) Some hormones are secreted in inactive form called Prohormone  e.g. Pro-insulin.
(xii) Hormones are specific. They are carriers of specific information to their specific target organ.

SOME HORMONES, THEIR CHEMICAL NATURE AND FUNCTIONS 

Endocrine gland 
Hormone & chemical 

nature 
Functions 

(1) Pineal in the brain
Melatonin-derived from the 

amino acid tyrosine 

(1) Antagonist to FSH / LH

(2) Regulates biological / circadian rhythms.

(2) Thyroid gland (amine hormone)

(a) Thyroxine, iodinated

amino acid called tyrosine

(a) Controls basal metabolic rate (BMR). All organs

/ systems of body respond to thyroxine.

(b) Thyrocalcitonin

(Peptide)
(b) Facilitates Ca+2 absorption

(3) Parathyroid gland Parathormane, Peptide Ca+2 and PO–4 metabolism. 

(4) Thymus Thymosine (polypeptide) Anti-FSH and LH; delays puberty 

(5) Islets of Langerhans (Pancreas)

(i) alpha-cells

(ii) beta-cells

(iii) d-cells

(i) Glucagon

(ii) Insulin

(iii) Secretin

(polypeptide)

(i) Gluconeogenesis / Glycogenolys is

(ii) Glycogenesis

(iii) Gastric functions

(6) Adrenal gland

(a) Adrenal medulla

(a) Epinephrine (adrenaline)

Norepinephrine

(noradrenaline), peptide

(a) Stresses = emergency = Fright, Fight and Flight

Hormone (3F) increases heart beat and muscle

activity, etc.

(b) Adrenal cortex 

(b) Mineralcorticoids and

glucocorticoids derived from 

cholesterol

(b) Electrolyte and carbohydrate metabolism.

(7) Ovary

(a) Ganulosa cells

Oestrogen (estradiol) 

-Steroid

(a) Secondary sexual characteristics, primary

action on uterine endometrium mitogenic.

(b) Corpus luteum 
Oestrogen and Progesterone  

(Steroid) 

(a) Secreted during luetal phase of menstrual cycle

in human female and oestrous cycle of other

mammals. Prepares uterine endometrium for

receiving blastocytes for implantation.

Progesterone is also anti-FSH and anti-LH

(c) Placenta temporary endocrine

gland formed during pregnancy

(a) Steroid secreted are

Oestrogen and progesterone

(b) Relaxin-Polypeptide

(a) Maintenance of pregnant state prevents

lactogenesis folliculogenesis, and Ovulation.

(b) Act on pubic symphysis and enlarges the birth

canal to facilitate birth (parturition).

(8) Testis

(i) Sertoli cells (sustentacular cells)
Inhibin – Polypeptide 

Inhibits FHS action and weakens spermatogenesis 

decrementally 

(ii) Leydig cells (=Interstitial cells) (ii) Testosterone) Steroid

(i) Pubertal changes in male

(ii) Secondary sexual characters in male

(iii) Sex drives

(iv) Spermatogenesis
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(9) Gastro-intestinal hormones

(secreted by cells of mucosa of

stomach and intestine)

 Gastrin, polypeptide 

Stimulates gastric juices secretion from gastric 

gland, movement of sphincters of stomach and 

increased movement of stomach 

(i) Secretin

(ii) Cholecystokinin (CCK)

(iii) Enterogastrone

(i) Stimulates secretion of succus entericus

(ii) Bile released from gall bladder

(iii) Inhibits gastric secretin

RELATIONSHIP BETWEEN HYPOTHALAMUS AND PITUITARY 

HYPOTHALAMUS 
(i) It is connected with anterior pituitary lobe  by blood capillaries of hypophyseal portal system and with the
posterior pituitary lobe  by axons  of its neurons , both passing through the pituitary stalk.

(ii) Hypothalamus is a considered as the “Master controller” or “Master gland”

Hormones of hypothalamus  
Neurosecretory cells of hypothalamus secrete proteinous neurohormones called releasing factors (RF) or 

inhibiting factors (IF), which are carried by hypophyseal portal system to anterior pituitary lobe 
(adenohypophysis) (primary target organ) and stimulate or inhibit the release of trophic hormones from 
adenohypophysis. 

PITUITARY GLAND (HYPOPHYSIS)  
Divided into: 
(i) Adenohypophysis (Anterior lobe)
(ii) Neurohypophysis (Posterior lobe)

Pituitary Hormones 

The hormones secreted by Pituitary are either secreted by the Hypothalamus or are stimulated by the hormones 

secreted by Hypothalamus e.g. Thyrotropin releasing hormone which stimulates release of TSH. 
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Hormones Secreted by Pituitary: 

Anterior Pituitary Middle lobe of Pituitary Posterior Pituitary 

(i) Adrenocorticotropic hormone (ACTH)

(ii) Thyroid Stimulating Hormone (TSH)

(iii) Follicle Stimulating Hormone (FSH)

(iv) Lutenizing Hormone (LH)

(v) Growth Hormone (GH)

(vi) Prolactin

(i) Melanocyte Stimulating

Hormone or Intermedins

(i) Oxytocin (OT)

(ii) Antidiuretic Hormone or

Vasopressin (ADH)

Note:  
Luteinizing Hormone (LH) and Follicle Stimulating Hormone (FSH) are called as Gonadotrophic Hormones as 
they influence and act on the gonads (reproductive organs). 
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Hormones which stimulate the anterior Pituitary Gland to secrete its hormones 

Neurohormones Physiological effects 

(1) TSH-RF

(Thyroid Stimulating Hormone – Releasing Factor)
Increased ACTH secretion from adenohypophysis.  

(2) ACTH-RF

(Adrenocorticotrophic Hormone-Releasing Factor)
Increased ACTH secretion from adenohypophysis.  

(3) STH-RF

(Somatotrophic Hormone-Releasing Factor)
Increased STH secretion from adenohypophysis  

(4) SOMATOSTATIN (GROWTH INHIBITING

HORMONE)
Decreased STH secretion from adenohypophysis. 

(5) GTH-RF

(Gonadotrophic Hormone-Releasing Factor)

(i) FSH-RF

(Follicular Stimulating Hormone-Releasing Factor)
Increased FSH secretion from adenohypophysis.  

(ii) LH-RH (In female)

(Luteinising Hormone – Releasing Factor)
Increased LH secretion from adenohypophysis.  

or ICSH-RF (In male) 

(Interstitial Cells stimulating Hormone-Releasing Factor) 

(6) Prolactin-Releasing hormone (P-RH)
Increased secretion of prolactin or leutotrophic 

hormone. 

(7) Prolactin-Inhibiting hormone (P-IH)
Increased secretion of prolactin or leutotrophic 

hormone. 

(8) MSH-RF

(Melanophore Stimulating Hormone-Releasing Factor)

Increased MSH secretion from intermediate pituitary 

lobe.  

(9) MIF

(Melanophore Inhibiting Factor)

Decreased MSH secretion from intermediate pituitary 

lobe.  

Neurohormones of Pituitary 
1. Thyroid stimulating hormone (TSH) or Thyrotropin: 
(a) This hormone which is secreted by the anterior lobe of the pituitary.
(b) TSH acts on the Thyroid gland to release Thyroxine (T4) and Triiodothyronine (T3) which “Regulate Body

Metabolism”
(c) Hypothalamus secretes Growth Hormone inhibiting hormone (GHIH) to inhibit the secretion of TSH.

2. Growth hormone (GH): 
(a) Also called as (hGH – Human Growth Hormone) or Somatotrophin, is released by the Anterior

Pituitary.
(b) Growth hormone stimulates the Special Liver cells which produce somatomedin-C, which is critical for the

growth of all body tissues.
(c) It assists with the movement of amino acids into tissue cells and the transformation of amino acids into

proteins that the body requires.
(d) It aids in the release of fatty acids from adipose (fat) tissue so that they can be used for energy.
(e) Regulates blood nutrient levels after eating and during periods of fasting.When sufficient amounts of

Growth Hormone has been released the hypothalamus secretes GHIH (Growth Hormone Inhibiting
Hormone) which inhibits the further release of growth hormone.

3. Prolactin (PRL):
(a) It is secreted by Anterior lobe of Pituitary.
(b) Prolactin hormone stimulates milk production in women following pregnancy.
(c) Men secrete Prolactin whose function is not known yet.
(d) Stimulates breast milk production and controls menstrual periods following pregnancy.
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4. Adenocorticotrophic Hormone (ACTH) or Corticotropin: 
(a) Secreted by the Anterior lobe of Pituitary.
(b) ACTH Stimulates the adrenal cortex to produce glucocorticoids like Steroid “Cortisol” which play a vital 

role in metabolizing carbohydrate.
(c) ACTH has melanocyte stimulating properties that can increase skin pigmentation.

5. Follicle Stimulating Hormone  (FSH): 
Stimulates the growth and secretion of Ovarian Follicles in women and the production of Sperm in men.

6. Luteinizing Hormone : 
(a) Stimulates Ovulation and formulation of the Corpus luteum in females.
(b) In males LH is called (Interstitial cell stimulating hormone -ICSH) which influences the secretion of

testosterone and other sex hormones from specialized area in the testes.

7. Melanocyte Stimulating Hormone or Intermedins:
(a) It is secreted by the Middle Lobe of Pituitary.
(b) MSH stimulates the release of melanin (melanogenesis) by melanocytes in the skin and hair.
(c) MSH has certain effects on the Appetite and Sexual Arousal.
(d) MSH is the main cause of color of the skin in Humans.
(e) MSH levels increase in females during Pregnancy.

8. Anti-Diuretic Hormone or Vasopressin: 
(a) It is a hormone secreted by the Posterior Pituitary.
(b) It is a peptide hormone produced by the magnocellular cells of the hypothalamus.
(c) Increased osmolarity stimulates the secretion of ADH from the posterior pituitary.
(d) ADH acts in increasing blood pressure
(e) ADH increases water resorption

9. Oxytocin:
(a) It is a hormone secreted by Posterior Pituitary.
(b) Causes uterine contractions just before and after birth which acts during the 2nd and 3rd labour stages.
(c) Oxytocin is released during breast feeding in the first few weeks of lactation.
(d) Helps in controlling Social behavior
(e) Oxytocin helps in Wound healing
(f) Prepares the  foetus for delivery
(g) Known to be the reason behind Romantic Attachments

CHEMICAL NATURE OF HORMONES 
On the basis of their chemical nature, hormones are of 4 types: 
(i) Peptide/protein hormone e.g., insulin, glucagon, TSH, LH, FSH

(ii) Steroids e.g., cortisol, testosterone, progesterone, adrenaline
(iii) Iodothyronines e.g., thyroid hormones
(iv) Amino acid derivatives e.g., epinephrine
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MECHANISM OF STEROID HORMONAL ACTION via gene activation 
(i) Steroid hormones are not water-soluble, so they travel in blood attached to protein carriers.
(ii) On arrival at their target cells, they dissociate from the protein carrier, pass through the plasma membrane of
the cell into the cytoplasm.
(iii) In the cytoplasm, some steroid hormones bind to specific receptor proteins and then move as a hormone-
receptor complex into the nucleus via nuclear pore. Others travel directly into the nucleus and then bind to
specific receptor proteins.
(iv) The hormone-receptor complex is now activated to bind to specific regions of DNA called hormone

response elements.
(v) The binding of the hormone-receptor complex activates specific genes in the DNA which transcribes
messenger RNA (mRNA).
(vi) mRNA passes into the cytoplasm via nuclear pore and functional ribosomes attach to it to allow translation.
(vi) Peptide chains are synthesised, which form specific enzymes required for causing a physiological response.
e.g. if the steroid hormone is oestrogen, it stimulates the repair and thickening of endometrium.

MECHANISM OF NON-STEROID HORMONAL ACTION via activation of cyclic AMP system 
Example of non-steroid hormone: Glucagon; target cell: liver cell (hepatocyte) 
(i) A non-steroid hormone, being insoluble in lipids, cannot diffuse through the plasma membrane but acts as
first messenger and binds to its receptor in the plasma membrane of target cells (e.g. hepatocytes).
(ii) Bound receptor interacts with and, through a set of G proteins, turns on adenylate cyclase enzyme, which is
also an integral membrane protein.
(iii) Activated adenylate cyclase enzyme converts ATP to cyclic cyclic adenosine monophosphate (cAMP), 
hence increasing the intracellular concentration of cAMP.
(iv) cAMP acts as a second messenger, which then activates other enzymes.
(v) cAMP in the cytoplasm enables binding of protein kinase A with cAMP to become catalytically active.
(vi) Active protein kinase A adds phosphates to other enzymes in the cell, causing them to become catalytically
active.
(vii) This cascade effect, where the action of one enzyme in turn activates another enzymatic reaction results in
many product molecules.
(viii) For example the hormone glucagon activates the enzyme kinase, which activates glycogen phosphorylase
enzyme through cascade effect.
(ix) Glycogen phosphorylase catalyses the hydrolysis of glycogen to glucose phosphate, which on oxidation
releases energy.
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SENSORY RECEPTORS 
Qn. What is meant by the term receptor?

This is a cell or tissue, which can transform any of the various forms of energy [like electrical, chemical, mechanical or 

radiant energy] into action potential in neurones. 

CLASSIFICATION OF RECEPTORS 

Sensory receptors may be categorized on the basis of their structure, the stimulus energy they  transduce, their location or 

the nature of their response. 
A. Basing on structure

Primary receptor cells Secondary receptor cells Sensory organs 
These are single sensory neurons whose 

dendrons are sensitive to a single type of 

stimulus, and which transmit an impulse 

to the CNS. Examples: Pacinian 

corpuscle, Meisssner’s corpuscle 

These are epithelial cells that are adapted to detect 

a particular stimulus and communicate with a 

receptor neuron via a synapse. Examples: 

olfactory cells, taste buds 

Are complex receptors, consisting of 

many receptor cells, sensory neurons 

and supportive tissue. Examples: eye, 

ear  

Description of some primary and secondary receptors 

Olfactory epithelium of the nose Taste cells of the tongue 

Pacinian in the human skin Creation of a generator potential in a Pacinian corpuscle 

B. Basing on positioning in the body

Exteroceptors Interoceptors Proprioceptors 
Respond to externally 

derived stimuli.  

Examples: ear, eye  

Respond to internally derived stimuli like 

homeostatic state.  

Examples: carotid and aortic bodies  

Respond to stimuli concerned with muscular and 

skeletal positions and movements. Proprioceptors 

include receptors in the muscles, tendons, and joints. 
Examples: ear’s vestibular apparatus  

C. Basing on stimuli received

Type of receptor and example Stimulus energy Stimuli detected 
Photoreceptor; eye Electromagnetic Visible light, UV light in insects  

Chemoreceptor; olfactory epithelium, taste buds Chemical Smell, taste, blood PH, humidity  

Mechanoreceptor; ear, skin receptors Mechanical Sound, touch, pressure, gravity  

Thermoreceptor; skin  Thermal Temperature  

D. Basing the nature of their response

(i) Tonic receptors continue to fire as long as the stimulus is maintained. They monitor the presence and intensity of a stimulus.

(ii) Phasic receptors respond to stimulus changes; they do not respond to a sustained stimulus. Phasic receptors partly account for

sensory adaptation to sustained stimuli.
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PROPERTIES OF RECEPTORS 
Qn. Describe the general features common to all receptors. 

1. They transduce stimuli into nerve impulses in neurones. Transduction is the transformation of the various forms of

energy [e.g. electrical, chemical, mechanical or radiant energy] into action potential.

2. Different receptors are excited at varying threshold levels of stimuli. The magnitude of stimulation of cells in receptors

is proportional to the intensity of stimulation until saturation, and the threshold of different cells of the same receptor may

vary. Threshold value is the stimulus required just to induce an action potential

3. They show adaptation, that is they gradually cease to create an action potential if repeatedly stimulated. E.g. the inability

hear a clock’s ticking in a room after prolonged exposure to its ticking. Receptors however vary in the speed with which they

become adapted, thus phasic receptors are those which adapt rapidly while tonic receptors are those which adapt slowly
Qn. Of what advantage is receptor adaptation to organisms?

It provides animals with precise information about changes in the environment . The nervous system ignores unchanging

environmental conditions and concentrate on monitoring those of survival value.

It prevents overloading of the nervous system with irrelevant information which reduces energy wastage.

4. Each is specialised to receive one type of energy only, although a few exceptions have been noted. According to the

law of specific nerve energies, each sensory receptor responds with lowest threshold to only one modality of sensation.  That

stimulus modality is called the adequate stimulus . Stimulation of the sensory nerve from a receptor by any means is

interpreted in the brain as the adequate stimulus modality of that receptor.

5. All receptors when stimulated create a generator potential, whose magnitude of potential change is directly

proportional to the strength of the stimulus applied to the receptor. After the generator potential reaches a threshold

value, increases in the magnitude of the depolarization result in increased frequency of action potential production in the

sensory neuron. Thus a weak stimulus results in a small generator potential and slow impulse frequency discharge while a

stronger stimulus produces larger generator potentials and faster impulse frequency discharge.
Qn. How does a generator potential differ from an action potential?

Generator potential Action potential 

Depolarisation only results from a specific stimulus Depolarisation may also result from a neurotransmitter

It is proportional to the size of stimulus It obeys the all-or-nothing law

6. Receptors are sensitive to low intensity stimulation. E.g. in some insects, tactile receptors can respond to airborne sounds

when stimulated just 3.6 nm. In rod cells of human eyes, high sensitivity results from retinal convergence.

Qn. What is meant by retinal convergence?  

A phenomenon in which many rod cells make synaptic contact with one bipolar neurone, which in turn connects with one 

optic nerve fibre which relays information to the brain. 

Qn. Of what significance is retinal convergence?  

It enables the eye to be more sensitive because action potential can be fired by summation of stimulation of several rod cells, 

in which stimulation of individual rod would be insufficient to ignite an impulse. 

Other feature common to receptors but not general to all  

7. Some receptors show spontaneous activity i.e. they form nerve impulses in sensory neurones without stimulation. This

is important because it increases the sensitivity of the receptor by enabling it to respond to a receptor that would normally

be too small to produce a response in the sensory neurone. Any slight change in the intensity of the stimulus will now add

to the existing potential in the receptor and produce a change in the frequency of impulses along the sensory neurone.

PROPRIOCEPTION 

Proprioception is the determination of the position and movements of muscles, bones, and joints of the body by 

proprioceptors.  

Pacinian corpuscles 

Pacinian corpuscles detect deep pressure and are found in many areas of the body, including the skin, the mesenteries 

surrounding the gut, and joint capsules . The Pacinian corpuscles in joints provide the CNS with information on the limbs 

and portions of the body. 
Proprioception in Pacinian corpuscles  

Qn. (i) Describe the sequence of events by which a Pacinian corpuscle enables determination of position of limbs. 

RELATEDLY: Explain how a Pacinian corpuscle produces a generator potential in response to a specific stimulus. 

During the resting potential, the pressure-sensitive sodium channels of the neurone membrane of a Pacinian corpuscle in

the capsule of a joint prevent passage of sodium ions.

When the corpuscle is deformed by pressure, the pressure-sensitive sodium channels of the neurone membrane open,

allowing influx of sodium ions and ion exchange along electrochemical gradients.

The neurone membrane in the Pacinian corpuscle depolarises, leading to a change in voltage called generator potential

in the nerve ending.
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The greater the pressure the more sodium channels open and the larger the generator potential.  If a threshold value is

reached, an action potential occurs and nerve impulses travel along the sensory neurone, via other neurones to the central 

nervous system which interprets the information about limb position.  The frequency of the impulse is related to the

intensity of the stimulus.

(ii) What is stretch-mediated (pressure-sensitive) sodium channel?

A special type of trans-membrane channel protein that increases permeability to sodium ions when stretched.

Note:

Sensory receptors are not evenly distributed over the surface of the body. Some areas such as the fingertips are more

sensitive to touch; which indicates higher densities of sensory receptors, i.e. there are more receptors per unit area

TASTE  

The sense of taste is mediated by taste buds, in which a particular taste bud is most sensitive to one of four taste modalities: 

sweet, sour, bitter, and salty. Taste buds are located in characteristic regions of the tongue according to the modality to 

which they are most sensitive. Salty and sour taste are produced by movements of sodium and hydrogen ions, respectively, 

through membrane channels; sweet and bitter tastes are produced by binding of molecules to specific signal transmitting 

protein receptors. 

SMELL 

The olfactory receptors are neurons that synapse within the olfactory bulb of the brain.  

Odorant molecules bind to membrane protein receptors. There may be as many as a 1,000 different receptor proteins 

responsible for the ability to detect as many as 10,000 different odors.  

Binding of an odorant molecule to its receptor causes the dissociation of large numbers of specific signal transmitting 

protein receptors subunits , the effect is thereby amplified, which may contribute to the extreme sensitivity of the sense of 

smell. 

THE MAMMALIAN EYE 

NOTE: 

A surprising feature of the retina is that it is back-to-front (inverted). The photoreceptor cells are at the back of the retina, 

and the light has to pass through several layers of neurones to reach them. This is due to the evolutionary history of the ey e, 

and in fact doesn’t matter very much as the neurones are small and transparent 
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Conjunctiva Is a thin layer of epithelial cells which protects the cornea against damage by friction  

Cornea 
Is the transparent, curved front of the eye which converges (refracts)  the light rays which enter the 

eye 

Sclera 
Is an opaque, fibrous, soft  outer connective tissue which provides attachment surfaces for eye 

muscles 

Choroid 
Has a network of blood vessels to supply nutrients to the cells and remove waste products.  Its 

pigment makes the retina appear black, thus preventing reflection of light within the eyeball.  

Ciliary body 
Has suspensory ligaments that hold the lens in place.  It secretes the aqueous humour, and contains 

ciliary muscles that enable the lens to change shape, during accommodation  

Iris  

Is a pigmented muscular structure consisting of an inner ring of circular muscle and an outer layer of 

radial muscle.  It controls the amount of light entering the eye so that (1) too much light does not 

enter the eye which would damage the retina  (2)  enough light enters to allow a person to see 

Pupil Is an aperture in the middle of the iris where light is allowed to continue its passage.  

Lens  Is a transparent, flexible, curved structure which focuses incoming light rays onto the retina. 

Retina 

Is a layer of sensory neurones, the key structures being photoreceptors (rod and cone cells) which 

respond to light.  Contains relay neurones and sensory neurones that pass impulses along the optic 

nerve to the part of the brain that controls vision 

Fovea (yellow 

spot) 

A part of the retina that is directly opposite the pupil and contains only cone cells.  It is responsible 

for good visual acuity (good resolution) 

Blind spot Is where the bundle of sensory fibres form the optic nerve; it lacks light-sensitive receptors 

Vitreous 

humour 

Is a transparent, jelly-like mass located behind the lens.  It acts as a ‘suspension’ for the lens so that 

the delicate lens is not damaged.   It maintains the shape of the posterior chamber of the eyeball 

Aqueous humour It maintains the shape of the anterior chamber of the eyeball 

The path followed light as it passes through the eye is as follows: through the conjunctiva then cornea, the pupil, aqueous 

humour,  lens, vitreous humour and finally the retina. 

THE RETINA   

The retina contains the photoreceptor cells and their associated interneurones (bipolar neurones) and sensory neurones 

(ganglion cells). They are arranged as shown below: 
(a) (i) Name the structures labelled A to F

A – Optic nerve fibres; B - ganglion cell; C – bipolar neurone;  

D – cone cell; E – rod cell; F – choroid epithelium / layer [pigment 

epithelium / layer] ;    

(b) What is the significance of the fact that:

(i) several cells of type labelled E connect to one cell in layer

C?

Retinal convergence increases the eye’s sensitivity. Light which

activates one rod cell (cell E) may be insufficient to generate an

action potential in the bipolar neuron (cell C) connected to it yet

several rods when hit by light simultaneously may activate action

potential the bipolar neuron (cell C) due to summation of generator

potentials. Impulse propagation to the CNS results in image

formation.

(ii) one cell of type labeled D connects to one cell in layer C?

It improves visual acuity / precision / resolving power of the eye 

because light from two objects close together stimulate two cones 

(cell D), the brain receives two impulses and interprets this as two 

separate objects rather than when different impulses summate into 

a single message received by the brain] 
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COMPARISON OF RODS AND CONES 

Rods Cones 

Outer segment is rod shaped Outer segment is cone shaped 

Greater numbers (about 109 cells per eye) Fewer numbers (about 106 cells per eye). 

Distributed more at the periphery of the retina (absent at 

fovea), so used for peripheral vision. 

 Concentrated in the fovea, so can only detect images in centre of 

retina. 

Sensitive to low light intensity – can detect a single 

photon of light, so are used for night vision. 

Not sensitive to low light intensity – need bright light, so only work 

in the day. 

Only 1 type, so only give monochromatic vision. 3 types (red green and blue), so are responsible for colour vision. 

Many rods usually connected to one bipolar cell, so poor 

acuity (i.e. rods are not good at resolving fine detail). 

Each cone usually connected to one bipolar cell, so good acuity (i.e. 

cones are used for resolving fine detail such as reading). 

(a) When sitting in a dimly lit room, objects often appear slightly fuzzy and colours are more difficult to distinguish.

Explain.

Seeing objects using rod cells leads to lower visual acuity; rod cells are insensitive to colour 
(b)Explain why brightly coloured objects often appear grey in dim light  

Only rods are stimulated by low-intensity (dim) light. Rods cannot distinguish between wavelelngths / colours of light, 

therefore the object is perceived only in a mixture of black and white i.e. grey. 
(c) At night, it is easier to see a star in the sky by looking slightly to the side of it rather than directly at it. Suggest w hy

this is so.

Light reaching the earth from a star is of low intensity. Looking directly at a star focuses light on to the fovea, where there

are only cone cells. Cone cells respond only to bright light, so they are not stimulated by dim light from the star and it

cannot be seen. Looking to one side of the star ensures that light from the star is focused to  the periphery of the retina,

where there are mostly rod cells. These are stimulated by low light intensity and therefore the star is seen.
(d) What is the role of:

(i) Horizontal cells? They cause lateral inhibition which increases sensitivity and visual acuity  i.e. they inhibit (cancel out)

equal intensity stimuli if received from two adjacent rods thereby increasing contrast between weakly stimulated and

strongly stimulated areas. E.g. edges of objects stand out stand out more clearly.
(ii) Amacrine cells? After partial processing, they transmit information about changes in the level of illumination

Qn. Suggest why convergence of rod cells in the retina of 

human eyes reduces the ability to read small print in dim 

light 

Light falling on groups of rods is transduced into an impulse 

in only one receptor neurone so the power of resolution is low 

Qn. Suggest a chemical explanation of convergence 

Only when many synaptic knobs release their neural 

transmitter simultaneously does its concentration reach a 

threshold at which depolarisation of the post-synaptic 

membrane occurs. 

Qn. Why should pilots waiting to fly at night not be exposed 

to bright lights? 

Even a short exposure to bright light would cause the 

rhodopsin in the rods to break down so destroying the pilot’s 

night vision. 

Qn. Many nocturnal mammals like cats have a reflective 

layer – the tapetum lining the back of the eye rather than a 

pigmented layer. Suggest the value of this arrangement 

Light will be reflected back off the tapetum so that it passes 

twice through the light-sensitive cells, thereby increasing the 

size of the generator potential developed in the cells  
The retina of most mammals contains only rod cells. 

Discuss the significance of this observation. 

Most mammals do not have colour vision; they are sensitive 

to dim light but not to colour; their visual acuity is low. 
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Qn. Explain the following phenomena: 

(i) when a person moves from bright sunlight into a dimly-lit room; objects in the room cannot at first be seen but

they gradually become visible.

In bright light, the circular muscles contract to narrow the pupil; and reduce on over-stimulation of the retinal cells by entry

of light into the eye. In dim light, radial muscles contract to dilate the pupil slowly to allow entry of light ; whose threshold

at first is low to stimulate the rods for objects to be seen; but later improves to enable vision as the pupil dilates fully;

(ii) in the dimly-lit room, objects are only visible in black and white.

Rods which are sensitive to light of low intensity do not respond to light of various wavelengths ; causing images to appear

black and white;

(iii) some nocturnal animals like cats close their pupils to a vertical slit and also squint in bright light

The retina of nocturnal animals is almost entirely composed of rods ; with rhodopsin which is particularly sensitive to low

levels of light and breaks down so rapidly in bright light; The slit pupil and squinted eyes reduce the amount of light

entering the eye to enable rhodopsin form faster than it breaks down for vision to occur;

(iv) when trying to see a faint star in the sky, it is better to look slightly to one side of it rather than directly at it.

When you look directly at an object, its image forms on the retina's Fovea centralis (yellow spot) which is packed with

cone cells yet these are only activated by bright light, hence cant see in dim light. Looking slightly away from a faint star

moves the image off the fovea and onto parts of the retina that have more rod cells, which are more light -sensitive than the

cones.

(v) if both your eyes are open and you press the side of one of your eyeballs, you see double.

Pressing of eye ball distorts the eye position such that the two eyes are unable to look directly at an object in the same

direction, hence the brain fails to blend together the images from the two eyes, causing double vision to be perceived

PHOTORECEPTION IN RODS 

The detection of light occurs  at the vesicles (membrane disks) in the outer segment. The vesicles are filled with the 

photoreceptor molecule called rhodopsin, which consists of a lipoprotein called opsin and a derivative of vitamin A called 

retinal. Retinal, which is the light-sensitive part can exists in 2 forms: a cis form and a trans form: 

[Note: a dietary deficiency in vitamin A causes night-blindness (poor vision in dim light)]. 

The mechanism of photoreception 

In the dark retinal is in the cis form, but when it absorbs a photon of light it quickly switches to the trans form, its shape 

and therefore the shape of the opsin protein change in a process is called bleaching. The trans to cis retinal conversion is a 

slow enzyme catalysed reaction. This explains why a person is initially blind after walking from sunlight to a dark room: in 

the light almost all your retinal was in the trans form, and it takes some time to form enough cis retinal to respond to the 

light indoors. 

Rhodopsin with cis retinal opens the sodium mediated protein channels and rhodopsin with trans retinal closes them. This 

means in the dark the channel is open, allowing influx of sodium ions causing the rod cell to be depolarised. This in turn 

means that rod cells release neurotransmitter in the dark. However the s ynapse with the bipolar cell is an inhibitory 

synapse, so the neurotransmitter stops the bipolar cell making a nerve impulse. In the light everything is reversed, and the 

bipolar cell is depolarised and forms a nerve impulse, which is passed to the ganglio n cell and to the brain.  

Qn. How is a rod cell suited for photoreception?(consider the following: mitochondria, lamellae, sensitivity of rhodopsin 

to light, rate of regeneration of rhodopsin, etc) 

Qn. How are rod cells suited for photoreception?  (consider all the above plus number of rods) 
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Visual Acuity (Resolution) 

Visual acuity is the amount of detail that can be seen (image sharpness).  Although there are far more rods than cones, we 

use cones most of the time because they have fine discrimination and can resolve colours. This is because one cone cell 

synapses to one bipolar cell which in turn synapses onto one ganglion cell as the information is relayed to the visual cortex. 

The more densely-packed the cone cells, the better the visual acuity. In the fovea of human eyes there are 160 000 cones 

per mm2, while hawks have 1 million cones per mm2, so they really do have far better acuity. 

Defects in visual acuity 

Myopia results from eyeball being too long, so that the image is brought to a focus in front of the retina; this is corrected 

by a concave lens. 

Hyperopia results from eyeball being too short, so that the image is brought to a focus behind the retina; this is corrected 

by a convex lens. 

Astigmatism is the condition in which asymmetry of the cornea and or lens causes uneven refraction of light around 360 

degrees of a circle, resulting in an image that is not sharply focused on the retina. 

Colour vision in Cones 

There are three different kinds of cone cell, each with a different form of opsin (they have the same retinal). These three 

forms of iodopsin are sensitive to different parts of the spectrum, so there are red cones (10%), green cones (45%) and blue 

cones (45%).  

Trichromatic theory of colour vision 

It suggests that different colours are produced by the degree of stimulation of the different types of cone. 

When viewing an object, the three types of cone are stimulated to various degrees depending on the wavelength of light the 

object reflects. By comparing the nerve impulses from the three kinds of cone, the brain can interpret any colour. For 

example, when the red/blue/green receptors are stimulated in the ratio of 10:86:15, the color of an object is interpreted by  

the brain to be blue. When the ratio is 13:14:86, the color is interpreted as green, and when it is 100:20:99 the color is 

yellow.  

 Red light stimulates red cones mainly

 Yellow light stimulates red + green cones roughly equally

 Cyan (peacock blue) light stimulates blue + green cones roughly equally

 In white light the cones are all stimulated equally.

 If no cones are stimulated, an object would be perceived as black.

 Grays are perceived when cones are stimulated in low levels in various combinations.

 Absence of any cone type fails to cause a response and colors will be perceived

accordingly.

Note: Color receptors fatigue and cease to respond when they are stimulated

continuously for a long period of time.
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Colourblindness 

It is the inability to distinguish between colours. Red-green colour blindness is the commonest, although other forms of 

colour blindness are also possible, but are much rarer. 

The red, green and blue opsin proteins are made by three different genes. The green and red genes are on the X 

chromosome, which means that males have only one copy of these genes (i.e. they’re haploid for these genes). About 8% 

of males have a defect in one or other of these genes, leading to red-green colour blindness. 

Accommodation of the eye 

Accommodation refers to the ability of the eye to alter its focus so that clear images of both close and distant objects can be 

formed on the retina. 

Changes that occur in the human eye when viewing: 

(i) near objects

 The diverging light rays reflected off the nearby object enter the eye through t he cornea which refracts the rays through

the pupil into the lens.

 The ciliary muscles contract, as the suspensory ligaments relax and slacken allowing the lens to become thicker and

shorter, and become more convex.

 A thicker lens has a shorter focal length, which enables focusing the clear image onto the retina/fovea/yellow spot.

(ii) distant objects

 The light rays reflected off the distant object which are almost parallel to each other enter the eye through the cornea

which refracts the rays through the pupil into the lens.

 The ciliary muscles relax, as the suspensory ligaments tauten pulling on the edge of the lens, which thins and becomes

less convex.

 A thinner lens has a longer focal length, which enables focusing the clear image onto the retina/fovea/yellow spot.
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PERCEPTION OF DISTANCE AND SIZE 

Binocular vision  

This is vision in which both eyes aim simultaneously at the same visual target, equally and accurately as a coordinated 

team. 

Each human eye has a fixed visual angle of 104°. Since the two eyes are placed close 

together, overlapping of visual angles allows  more accurate judgment of distance of 

the object in front. 

Stereopsis or stereoscopic vision 

This is vision in which two separate images from two eyes are successfully fused into 

one image in the visual cortex of the brain. First, both eyes must have binocular 

vision; then, because the two eyes are located in different positions, each takes in a 

unique view from its own perspective sending two separate images to the brain 

simultaneously for processing, from where the images are fused into one three 

dimensional (3-D) image. 

 Binocular and stereoscopic vision enables predator animals e.g. hawks and lions to accurately judge the distance to c atch

prey. Their eyes are set in front.

 The animals with eyes on the sides of their head e.g. a rabbit (a common prey) rely on (1) the relative size of an object,

(2) the shadow it creates, (3) the movement of it relative to distant non-moving objects, to judge distance because they have

poor stereoscopic vision due to little overlapping of visual field results. However, they have wide overall visual field, 

which is good for detecting movements. 

Qn. Figure I below shows the number of receptor cells (types A and B) in the human retina along a horizontal line from 

the nasal side of the eye to the outer side. Distances are expressed in arbitrary units. 

Figure II shows the absorption of different wavelengths of light by three varieties of the light sensitive pigment iodopsin 

as suggested by the trichromatic theory of colour vision in man. 

Figure II 

Light wavelength (nm) 
Amount of light absorbed as a percentage of maximum 

Red iodopsin Green iodopsin Blue iodopsin 

660 5 0 0 

600 75 15 0 

570 100 15 0 

550 85 85 0 

530 60 100 10 

500 35 75 30 

460 0 20 75 

430 0 0 100 

400 0 0 30 

Figure I 
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From figure I, 

(a) (i) With a reason in each case, identify the types of receptor cells represented by letters A and B

(ii) Explain why there are no receptor cells at position 5

(iii) What is the name of the region of the retina at position 6?

(iv) Explain how position 6 is suited for functioning

From figure II,

(b) Plot a suitable graph to represent the data.

(c) Using the data in figure II, comment on perception of  the wavelength of light as colour

COMPOUND EYE 

The eye of most arthropods which is composed of many light-sensitive elements, each having its own refractive system and 

each forming a portion of an image. 

Structure of compound eye 

Vertical section through compound eye and optic nerve Ls and Ts through one Ommatidium 

External structure 

A compound eye has a mesh-like appearance because it consists of hundreds or thousands of tiny lens -capped optical units 

called ommatidia.  

Internal structure 

Each ommatidium has elongated retinal cells surrounding the centrally placed light-sensitive rhabdom. The cone-shaped 

lens is capped by a flattened cornea while the lower part borders retinal cells and the sides are surrounded by the lens 

secreting cells. The rhabdom and retinal cells are connected to optical nerve cells. The rhabdom is formed from 

concentration of microvilli from retinal cells. The ommatidia are separated from each other by varying degrees of 

pigmentation. Photo-active reactions in the rhabdom cause depolarisation in retinal cells. 

Note: As each ommatidium is orientated in a slightly different direction, the honeycombed eye creates a mosaic image 

which, although poor at picking out detail, is excellent at detecting movement.  

Types of compound eyes 

(i) Apposition eye

This is a compound eye in which each ommatidium focuses only rays that are almost parallel to its long axis, so that each

forms an image of only a very small part of the visual field. The image of the whole results from a  combination of these

part images e.g. in Diurnal insects.

(ii) Superposition eye

This is a compound eye in which the sensory cells of an ommatidium can pick up light from a large part of the visual field

so that the image received may overlap those received by as many as 30 neighboring ommatidia. The superposition image

has much brightness but low in sharpness compared with the apposition image e.g. in nocturnal insects.

http://www.daviddarling.info/encyclopedia/L/lens_eye.html
http://www.daviddarling.info/encyclopedia/C/cornea.html
http://www.daviddarling.info/encyclopedia/P/pigment.html


Page 11 of 13 

Comparison of STRUCTURAL features of mammalian and compound eyes 

Similarities  Compound eye Mammalian eye 

Both: 

(1) have convex lens

(2) pigment cells

(3) cornea

(4) retinal cells

(5) optic nerves

 Lens is crystalline hence inelastic

 Photosensitive part of retinal cells is

rhabdom 

 Photosensitive cells are not pigmented

 Has many units (ommatidia) capable of

functioning independently

 Photosensitive cells are not differentiated

 Lacks extrinsic muscle attachment and is

immovable

 Has rhabdom 

 Lacks eye lids

 Ommatidia are relatively large, so few can

pack per unit area

 Lens is membranous and elastic

 Photosensitive part of retinal cells is outer

segment

 Photosensitive cells are pigmented

 The whole eye functions as a unit.

 Photosensitive cells are differentiated into rods

and cones

 Has extrinsic muscle attachment for movement

 Lacks rhabdom 

 Has eye lids

 Rods and cones are very tiny, so very many can

pack per unit area.

Comparison of FUNCTIONAL properties of mammalian and compound eyes 

Similarities  Compound eye Mammalian eye 

Both: 

(1) can perceive colour

(2) function in bright and

dim light

(3) have photosensitive

cells

(4) have image overlap

(5) optic nerves which

propagate impulses

(6) Experience lateral 

inhibition (mutual 

inhibition)

 Image overlap is greater hence blurred

images are formed

 Focus is fixed, no accommodation

 Less power of colour vision

 Has quicker detection of movement

 Has poor resolution and visual acuity

 Has poor dark adaptation and hence

poor night vision

 Ommatidia take shorter to generate

impulse and recover

 Flicker fusion occurs at faster

frequency

 Image overlap is smaller hence clear images are

formed

 Focus is adjustable, hence can accommodate

 Greater power of colour vision

 Has slower detection of movement

 Has good resolution and visual acuity

 Has better dark adaptation and hence better night

vision

 Rods take longer to generate impulse and recover

 Flicker fusion occurs at faster frequency

Lateral inhibition (mutual inhibition) 

A phenomenon in which simultaneous stimulation of adjacent sensory units  results in inhibition of impulse propagation in 

each of them. Lateral inhibition increases sensitivity and visual acuity 
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Qn. Using the mammalian ear as an example, show how a receptor organ functions. (09 Marks) 

The ear functions both as an organ of hearing and of balance;01 
WHEN MARKING IGNORE THE DIAGRAM IF DRAWN 

EITHER 
How the mammalian ear functions as a sound receptor organ 

 The outer ear funnels sounds waves of a given pitch /

frequency (measured in hertz) and intensity (measured

in decibels) to the tympanic membrane, causing it to

vibrate;

 Vibrations of the tympanic membrane cause movement

of the middle-ear ossicles, malleus, incus, and stapes,

which in turn produces vibrations of the oval window

of the cochlea;

 Vibrations of the oval window set up a traveling wave

of perilymph in the scala vestibuli.

 Sounds of high frequency (high pitch / high tone) cause

maximum displacement of the basilar membrane closer

to its base near the stapes; sounds of lower frequency

(low pitch) e.g. the rumbling sounds of distant thunder

produce maximum displacement of the basilar

membrane closer to its apex.

 Loud sounds / large amplitude sounds / high intensity

sounds impinge greatly on the basilar membrane hence

displacing it greatly and causing rapid firing of

impulses in the auditory nerves  than soft sounds.

 Displacement of basilar membrane causes sensory

hairs to press against the tectorial membrane above

them;

 The sensory hair cells are depolarized to produce

generator potentials and initiation of action potential;

in the axons of the auditory nerve;

ALTERNATIVELY 

How the mammalian ear functions as an organ of balance 

 The structure involved in equilibrium, known as the

vestibular apparatus, consists of the utricle, saccule

and the semicircular canals.

 The semicircular canals  respond to rotational

movements (angular acceleration) while the utricle

and saccule respond to changes in the position of

the head with respect to gravity (linear

acceleration) ;

 When the head begins to rotate in any direction, the

inertia of the endolymph causes it to lag behind and

exerting pressure that deflects the cupula in the

opposite direction; which bends the cilia atop hair

cells;

 The sensory cells create generator potentials leading

to propagation of action potentials in the vestibular

neurons;

 When a person is upright, the sensory cells of the

utricle are oriented vertically; those of the saccule are

oriented horizontally.

 Linear acceleration produces a shearing force

between the hairs and the otolithic membrane, thus

bending and electrically stimulating the sensory cells

 The vertical and lateral displacement of the head

causes the sensory cells produce generator potentials ;

leading to propagation of action potentials in the

vestibular neurons;

http://www.britannica.com/EBchecked/topic/533928/semicircular-canal
http://www.britannica.com/EBchecked/topic/510423/rotation
http://www.britannica.com/EBchecked/topic/25286/angular-acceleration
http://www.britannica.com/EBchecked/topic/620872/utricle
http://www.britannica.com/EBchecked/topic/515242/saccule
http://www.britannica.com/EBchecked/topic/510423/rotation
http://www.britannica.com/EBchecked/topic/146763/cupula
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ECHOLOCATION  (ACTIVE SONAR) IN BATS 

 This is the use of sounds made by the animal itself to avoid obstacles during flight and locate food in total darkness.

 Bats generate ultrasound via the larynx and emit the sound through the open mouth or nose.

 Ranging is done by measuring the time delay between the animal's own sound emission and any echoes that return from 

the environment.

 The relative intensity of sound received at each ear and the time delay between arrival at the two ears provide

information about the horizontal angle from which the reflected sound waves arrive.

 The echoes returning to the two ears arrive at different times and at different loudness levels, depending on the position

of the object generating the echoes.

 The time and loudness differences are used by the animals to perceive distance and direction

 Echolocation enables the bat to locate direction, judge the size and nature of obstacles  during flight.

Questions for thorough revision 
1. (a) Describe how the ear is able to detect sounds of different pitch

By detecting vibrations in different parts of the cochlea
(b) Suggest how very loud noises might permanently damage a person’s hearing.

Destroying sensitive hair cells

2. Explain the following observations:

(a) (i) Most people feel pain in their ears when they skin dive at a depth of 5 metres

(ii) Experienced skin divers overcome this pain by pinching their nose and blowing air into their closed nostrils

Water’s pressure presses the eardrum inwards causing pain; therefore blowing the nose in this way forces air up the

Eustachian tube thus increasing the pressure in the middle ear.

(b) (i) After spinning around for a short time, people feel dizzy when they stop

(ii) During this dizziness, they seem to be spinning in the opposite direction to the way they w ere actually spinning

before.

Just as the inertia of the endolymph causes a deflection of the moving cupula when we start to spin, its inertia causes it to

continue moving when we stop spinning. This deflects the cupula making us think we are still moving;  it deflects it in the

same direction as we are spinning which would normally happen when we start to move in the opposite direction and the

cupula is deflected by stationary endolymph

3. With three examples, explain what is meant by lateral inhibition and give examples of its effects in three sensory

systems.

Answer. 

Lateral inhibition — the central nervous system phenomenon by which sensory information is “sharpened” by inhibition of 
incoming neighboring (lateral) field information from the periphery of that region which is maximally stimulated.  

Three sensory systems utilizing lateral inhibition are the senses of touch (cutaneous), hearing, and vision. 

In the skin, a single touch is felt when a blunt object touches the skin because the surrounding fields have been “laterally 
inhibited” at the level of the central nervous system.  

Similarly, in the discrimination of different pitches of sounds with similar frequencies, neural activity is “laterally 

inhibited” so that the hair cells along the basilar membrane which are maximally displaced by sound waves are selected for 

interpretation by the auditory cortex of the brain while hair cells with neural activity from the surrounding regions are 
suppressed.  

Lateral inhibition is also at work in the processing of visual information at the level of the ganglion cells in the retina. Here, 

the receptive fields of each ganglion cell resembles a “bull’s eye” with a central core area and an outer surround area that 

oppose one another, that is, are antagonistic. Those ganglion cells that have on-center fields  are excited by light at the 

center of their visual fields while the surround is suppressed (or inhibited laterally). Those ganglion cells that have off-

center fields  are inhibited by light in the center and stimulated by light in the surround. Due to the distribution of these two 

types of ganglion cell fields along the retinal surface, incoming light excites some and inhibits some of these fields — 
which translates later at the occipital (striate) cortex as sharper visual acuity. 

http://en.wikipedia.org/wiki/Sonar
http://en.wikipedia.org/wiki/Ultrasound
http://en.wikipedia.org/wiki/Larynx
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SUPPORT IN TERRESTRIAL PLANTS 

Importance of support in terrestrial plants  

1. Enables holding leaves to receive maximum sunlight for photosynthesis

2. Enables exposing flowers in the most suitable position for pollination

3. Allows holding fruits and seeds in the possible favourable position for dispersal 

4. Maintains plant shape.

SUPPORT MECHANIS MS IN DICOTYLEDONOUS PLANTS 

1. Turgidity of cells

Turgor pressure: outward pressure from the inside of a fully turgid cell.

When fully turgid, the close packing of parenchyma cells in cortex and pith of the stem causes them to press  against one

another to keep herbaceous plants  and young woody plants erect. Absence / insufficient water reduces  turgor pressure

causing loss of support due to wilts.

2. Mechanical tissues

(a) Collenchyma cells have uneven thickened cellulose cell walls, and are alive.

(i) Collenchyma tissue provide flexible support (a mechanical function) to stems and leaves, enabling withstanding the

lateral force of the wind.

(ii) The walls of collenchyma cells can be deformed by pressure or tension and retain the new shape even if the pressure

or tension ceases.
Location: in young plants, herbaceous plants and some organs such as leaves

(b) Sclerenchyma fibres and sclereids have lignified cell walls and are dead when mature.

(i) The tough and elastic cell wall of elongated  fibres allow the cell to be deformed but can snap back to their original 

size and shape when the pressure or tension is released.

(ii) Provides great tensile or compressional s trength in plants parts, such as in the vascular tissues of stems and roots and

the bundle sheath of leaves

(iii) Support the tree while the elasticity allows the trunk and the branches to sway in the wind without breaking.
Location:  found in small groups in cortex, pith, phloem and shells of coconuts.

3. Distribution of vascular tissues (xylem vessels and tracheids)

The distribution is related to the resistance of the various forces acting upon them, e.g. in land plants  the stem is mainly

exposed to bending stresses due to the action of wind while roots experience pulling stress.

(i) Xylem vessels  and tracheids  are dead, the cell walls are lignified and thickened which provides great mechanical 

strength to resist bending in the stem, reinforce against pulling in the root and are the most important supporting cells in

the veins of leaves.

(ii) Vascular tissue in young dicot stems (iii) Vascular tissue in dicot roots
Location: at the root periphery (near edge)

This increases the resistance to the bending

stresses produced by wind or the passing

animals.

Location: at the root centre

The solid cylinder increases the tensile strength to resist the

uprooting force produced by the pulling effect of wind.

The solid cylinder also provides sufficient incompressibility

against the longitudinal compression by the load from overhead

and against the lateral pressure exerted by the surrounding soil

(iv) In leaves, vascular tissue is located at the upper side of midrib and lateral veins , and it extends throughout the leaf

surface. This enables resisting tearing forces acting on the leaves blade by the wind.

(v) In woody stems, the lignified secondary xylem tissues (known as wood) occupy most part of the woody stem, which

makes the stem very hard and rigid to avoid depending on cell turgidity for support
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SUPPORT IN AQUATIC PLANTS (HYDROPHYTES) 

Support from buoyancy is provided by: 

1. Surrounding water, whose density is much higher than that of air, hence providing a larger upthrust force.

2. Presence of numerous large air spaces  (intercellular spaces) in stems and leaves, which form air-filled cavities

extending through the tissues, inside to give buoyancy.

Note: When removed from water, most hydrophytes collapse quickly because of having poorly developed (some 

lack) mechanical tissues (i.e. collenchyma and sclerenchyma) and xylem tissue is reduced, since it is unnecessary 

(no need to transport water within the body and buoyancy is provided by water for support).  

COMPARISON OF SUPPORT IN TERRESTRIAL PLANTS AND HYDROPHYTES  

Terrestrial Plants Aquatic Plants 

Require mechanical support because air will not hold 

up plant structures in the same way that water does. 

Density of water is much higher than air, hence providing a 

larger upthrust force 

The presence of collenchyma cells, sclerenchyma cells 

and the abundant highly lignified thick-walled xylem 

vessels in terrestrial plants implies that support 

depends on these specialized thick-walled cells.  

No collenchyma and sclerenchyma cells are found in 

aquatic plants, and the poorly developed xylem vessels 

indicate that aquatic plants do not depend on these cells for 

mechanical support. 

Small air spaces in stem since air with low density 

only provides limited support to plants. 

There are numerous large air spaces in the stem and the leaf 

of aquatic plants suggest that aquatic plants depend on the 

buoyancy of water for support. 

LOCOMOTION AND MOVEMENT 

Locomotion: The act of changing position by the entire body. 

Movement: The act of displacing body parts while maintaining the whole body in one position. 

The study of movements is called kinesiology. 

THE BASIC TYPES OF MOVEMENTS 

Movement involves these basic mechanisms. 

Mechanism  Importance of the process to organisms involved 

Amoeboid movement a) Enables amoeba to move about to (i) obtain food (ii) avoid dangers (iii) escape from 

energy.

b) Enables white blood cells (Leucocytes) like phagocytes, macrophages of the lymph and

Kupffer cells of liver to (i) engulf antigen or microbes (ii) immigrate in the circulatory

fluid.

Air spaces 

T.S of stem 
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Ciliary and flagellar 

movement 

a) Ciliary movement enables paramecium to (i) avoid danger (ii) drive water and food into

their gullet.

b) In certain molluscs Ciliary movement facilitates gaseous exchange by passing water

currents over the gills

c) In echinoderms Ciliary movement enables locomotion by driving water through the

water vascular system.

d) Ciliary movement of the cells lining the respiratory tract of humans drives away the

microbes and dust particles towards the nose or mouth.

f) Ciliary movement in the oviduct or fallopian tubes of human female moves ova towards

the uterus.

g) Ciliary movement in nephridia of annelids e.g. earthworms moves wastes

h) Flagellum of sperms enables their swimming movement.

i) Flagellum enables the movement in certain protozoans like euglena

Muscular movement  Muscular movements enable (i) animals to find food, mate up, avoid predators and 

unsuitable environmental conditions (ii) flow of contents in the gut and arteries (iii) 

positioning of eyes and external ears for effective functioning in some animals  

AMOEBOID MOVEMENT 
Definition: is a crawling-like type of movement characterised by protoplasmic protrusion to form temporary feet -like 

structures called pseudopodia. 

●Several theories (about 8) have been advanced about the formation of pseudopodia, but the most accepted now-a-days
is the sol-gel-sol transformation of the cytoplasm as given by Mast (1925).

Description of amoeboid movement according to the sol-

gel-sol theory 

● The plasmalemma attaches to the substratum

●Stimulation of the ectoplasm (plasmagel) at a certain point

causes its conversion to plasmasol, and flowing of the

pressured plasmasol (endoplasm) into the weakened area,

forming first a bulge and then a tube.

●The movement is sustained by contraction of the outer gel 

layer which squeezes inwards, causing cytoplasmic

streaming towards the tip of the pseudopodium.

●Within the advancing tip at the fountain zone, plasmasol 

is converted to plasmagel which is then deposited on the

sides of the pseudopodium. At the temporary posterior

(rear/hind) end of the cell the plasma gel is converted to

plasmasol, which then flows forwards into the newly

formed pseudopodium so much so that the whole of body

cytoplasm comes into it.

●Now the plasmagel tube contracts and the body moves

forwards. Soon after this a new pseudopodium is again

formed in this direction.

Direction of movement 

Zone of solation 
Zone of gelation 

A
n
te

ri
o
r 

http://en.wikipedia.org/wiki/Pseudopod
http://en.wikipedia.org/wiki/Sol-gel
http://en.wikipedia.org/wiki/Sol-gel
http://en.wikipedia.org/wiki/Sol-gel
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DESCRIPTION OF CILIARY MOVEMENT 

Definition: the rhythmic beating of fine hair-like processes projecting from the cell membrane of certain cells (cilia). 

Description by diagrammatic illustration Description in words 

●A ciliary beat cycle consists of an effective

(power) stroke phase and a passive recovery

stroke phase.

●During the effective stroke phase the fully

extended cilium makes an oar-like movement

towards one side exerting maximum force on the

surrounding fluid. The cilia beat in reverse when the

power stroke is directed toward the anterior end of

the organism so as to propel it backwards while

beating towards the posterior end causes the cell or

organism to swim forward.

●In the passive recovery stroke phase which

follows the effective stroke, the cilium moves back

by propagating a bend from base to tip in an

unrolling motion to reduce drag.

●The cycles of adjacent cilia are slightly out of

phase so that they do not bend at exactly the same

moment, resulting in metachronal rhythm in

which waves of ciliary activity pass along the

organism from front to rear.

Metachronal rhythm: movements produced by the sequential action of structures such as cilia, segments of worms or 

many legs, producing the appearance of a travelling wave. 

MUSCULAR MOVEMENT 

In this compilation, muscular movement has been limited to a few vertebrates, insects and earthworms.  

The unique properties of muscles which enable their functionality include: 

(a) Excitability (b) Contractibility (c) Extensibility and (d) Elasticity

Muscular movement is dependent on skeletal systems. 

TYPES OF SKELETONS 

Type of skeleton and 

example of animal having it 
Definitions of the skeletons and extra notes 

Hydrostatic skeleton or Hydroskeleton 

It’s the most widespread type of skeleton 

found in: 

a) Organisms  like annelids (e.g.

earthworms), cnidarians (e.g. jellyfish,

sea anemones), nematodes (e.g. round

worms)

b) Structures  like mammalian eyes (the

aqueous and vitreous humour), spinal 

cord (cerebrospinal fluid), extra

embryonic membranes (amniotic fluid),

hearts (move blood), and intestines

(move food).

Hydroskeleton: a high-pressured fluid in a cavity (coelom), surrounded by 

muscle layers at different orientations . 

(i) The main principle on which the hydroskeleton operates is the low

compressibility of liquid water (often assumed incompressible). Muscle

contractions exert pressure on the coelomic fluid causing stiffening of the outer

structures to form a strong rigid skeletal unit that provides a base against which

movements can occur.

(ii) The optimal volume of fluid for a particular system must remain constant for

effective contraction and expansion of the antagonistic muscles. Too much loss

of fluid causes limpness of tissues and pressure loss, and too much gain causes

over swelling, both of which fail muscle stretching and hence movement fails.

This explains why snails and earthworms are restricted in their activity to moist

conditions.

http://en.wikipedia.org/wiki/Cilia
http://en.wikipedia.org/wiki/Annelid
http://en.wikipedia.org/wiki/Cnidarian
http://en.wikipedia.org/wiki/Jellyfish
http://en.wikipedia.org/wiki/Nematode
http://en.wikipedia.org/wiki/Coelom
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Type of skeleton and 

example of animal having it 
Definitions of the skeletons and extra notes 

Exoskeleton 

●Chitinous exoskeleton is in: arthropods

like insects,  arachnids (e.g. spiders) 

crustaceans (e.g. crabs, lobsters),  some

fungi and bacteria
●Calcified exoskeleton is in: shelled

mollusks (e.g. snails, clams), some

polychaetes like lugworms.
●Silicated exoskeleton is in diatoms.

●Bone, cartilage, or dentine make up the

exoskeletons of  turtles and primitive fish

Exoskeleton: a non living external body structure that supports and protects an 

organism.  

(i) Exoskeletons are secreted by ectoderm 

(ii) Chitinous exoskeleton has complex muscular system which enables insects

to lift or pull an object 20 or more times heavier than their body weights!

Grasshoppers have about 900 muscles, caterpillars up to 4,000 yet human
beings have fewer than 700 muscles (The World Book Encyclopedia).

(iii) Exoskeletons do not grow with the body so in arthropods they must be

periodically shed to allow growth; mollusks e.g. snails continually enlarge their

shells as they grow.

(iv) In insects and spiders the epicuticle is waterproof.

Endoskeleton 

Found in: 

a) Chordates: birds, mammals, reptiles

etc.

b) Echinoderms: starfish, brittle stars,

sea urchins, sea cucumbers

c) Poriferans: sponges

d) Molluscs (class Cephalopoda) e.g.

cuttlefish

Note: Some animals, such as the tortoise,

have both an endoskeleton and an

exoskeleton.

Endoskeleton: a living internal support structure of an animal, usually 

composed of mineralized tissue which develops within the skin or in the deeper 

body tissues. 

(i) The vertebrate endoskeleton is made up of bone and cartilage tissues.

(ii) In sponges, the endoskeleton is purely for support, but  in vertebrates and

echinoderms it’s also for attachment of muscle and locomotion.

(iii) Echinoderms and chordates have a true endoskeleton derived from 

mesodermal tissue

ADVANTAGES / FUNCTIONS AND LIMITATIONS OF THE SKELETONS 

Advantages / Functions Limitations / Disadvantages 

Hydroskeleton ●Hydroskeleton is elastic and can

bend accordingly when a muscle 

contracts enabling fitting in narrow 

burrows.  

● Coelenterates that use a hydroskeleton regularly face a loss of

pressure because their skeleton is also their gut.

● Due to lack of a strong supportive system, majority of the

invertebrates  are small

●The slow motion due to lack of  effective ways to support a large

body compromises the animals’ escape response from predators.

●The organisms are limited to moist habitats because of the need

to minimise water loss by evaporation

 Advantages / Functions  Limitations / Disadvantages  

Exoskeleton ● Exoskeletons contain rigid and resistant components

that offer protection against predators, bacterial attack 

and desiccation while on land. 

●Exoskeletons contain rigid components that offer

support enabling maintaining body shape. 

●Exoskeleton of arthropods contains rigid framework of

ingrowths known as apodemes which serve as attachment

sites for muscles. 

● In arthropods the exoskeleton is modified into

appendages which offer more rapid locomotion than the 

hydroskeleton 

● The arthropod exoskeleton contains various folds, flaps

and parts modified for feeding and structures for 

respiration. 

● Exoskeletons are often highly coloured for camouflage

● Since exoskeletons are rigid and do not grow

with the body, in arthropods they disrupt smooth

and steady growth and so must be periodically

shed to allow growth, which makes the animal 

temporarily vulnerable for predation and water

loss by evaporation until hardening.

NB: Snails and many other mollusks solve that

problem by continually enlarging their shells as

they grow.

● An exoskeleton cannot support large sized

animals because of their large volume and body

mass in proportion to the cube of their linear

dimensions, necessitating an impossibly heavy

and thick exoskeleton.

●It requires modifications in movement . Many

individual muscles are attached to the outer shell 

in order to create movement. In the appendages,

http://en.wikipedia.org/wiki/Insect
http://en.wikipedia.org/wiki/Arachnid
http://en.wikipedia.org/wiki/Spider
http://en.wikipedia.org/wiki/Crustacean
http://en.wikipedia.org/wiki/Crab
http://en.wikipedia.org/wiki/Lobster
http://en.wikipedia.org/wiki/Fungus
http://en.wikipedia.org/wiki/Bacteria
http://en.wikipedia.org/wiki/Mollusc_shell
http://en.wikipedia.org/wiki/Snail
http://en.wikipedia.org/wiki/Clam
http://en.wikipedia.org/wiki/Polychaete
http://en.wikipedia.org/wiki/Diatom
http://en.wikipedia.org/wiki/Turtle
http://en.wikipedia.org/wiki/Sea_star
http://en.wikipedia.org/wiki/Brittle_stars
http://en.wikipedia.org/wiki/Sea_urchin
http://en.wikipedia.org/wiki/Sea_cucumbers
http://en.wikipedia.org/wiki/Animal
http://en.wikipedia.org/wiki/Mineralized_tissues
http://en.wikipedia.org/wiki/Germ_layer#Mesoderm
http://www.diffen.com/difference/Effective_vs_Efficient
http://en.wikipedia.org/wiki/Muscle
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from predators, recognition by mates, and warning to 

scare off predators. 

●The arthropod exoskeleton is jointed enabling flexibility

in locomotion.

these muscles are set up within multiple hinge 

joints, as these allow a wide range of motions. 

 Advantages / Functions  Limitations / Disadvantages  

Endoskeleton ●Vertebrates have a versatile support system and as a result, they

develop faster and bigger bodies than invertebrates.

● It’s jointed for flexibility to allow diverse range of locomotory

patterns: swimming, digging, running, climbing, and flying, feeding

(jaws).

●Endoskeleton does not limit space available for internal organs and

can support greater weight.

●Bone are hard for protecting delicate parts like the brain, lungs,

heart, spinal cord, etc.

●Bone tissue is mineralized and hence acts as mineral reserve for the

body’s’ physiological processes.

●Mammalian bones manufacture the defensive leucocytes

●Endoskeletons are enclosed in

other tissues do not offer much

protection from predators in some

animals.

● Endoskeletons do not contribute

to minimizing water loss from the 

body by evaporation 

DESCRIPTION OF HYDROSKELETON OF THE EARTHWORM 
Only the structures that make up the skeleton are required, not description of the whole body. 

The body is cylindrical (tubular), 

partitioned transversely into many small 

separate, but coordinated segments, 

enclosed by epidermis, a thick wall made 

of two layers of muscles i.e. circular 

muscles surrounding the cavity and

longitudinal muscles running from 

anterior to posterior; the inside contains a 

highly pressured incompressible fluid-

filled cavity (coelom); each body segment 

bears four pairs of chaetae (setae), except 

the first and last segments.  

NB: segmental partitioning prevents 

backflow of the coelomic fluid which 

would provide little elongation 

DESCRIPTION OF THE EARTHWORM’S LOCOMOTION 

Epidermis  

Longitudinal muscle 

muscle  

Circular muscle  

Coelom  

Chaeta (seta) 

Gut 
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●Crawling is initiated when circular muscles at the anterior end contract while longitudinal muscles relax segment by

segment backwards as a wave along the body, there by exerting pressure on the coelomic fluid, which is forced to move

at right angles to the squeezing circular muscles, while at the same time the chaetae retract inwards in this region of

contracted circular muscles. The net result is forward extension of the anterior end.

●The movement of the fluid stretches the set of longitudinal muscles, which then contract to stretch the circular muscles

back to the relaxed position, causing segments to elongate and thin.

●Forward extension of the anterior end is coupled with contraction of longitudinal muscles and relaxation of circular

muscles in the more posterior segments causing body swelling and protrusion of chaetae this region.

●As the successive peristaltic waves approach towards the rear end of the body, longitudinal muscles  in the anterior

region contract, circular muscles relax, the chaetae protrude to anchor at the ground and pull the rear end forward.

●Control of muscle contraction is brought about by a complex network of inter and intrasegmental neurones

LOCOMOTION WITH AN EXOSKELETON 

DESCRIPTION OF A TYPICAL ARTHROPOD EXOSKELETON 

● It is a multi-layered structure with 4 main regions; from 
out - inwards: epicuticle, procuticle, epidermis and

basement membrane.

●Epicuticle: a multi-layered external barrier made of

lipoproteins, fatty acids, wax and some times cement. It

prevents water loss (desiccation) and bacterial invasion.

●Procuticle: lies immediately below the epicuticle, is

secreted by the epidermis, contains chitin surrounded by a

matrix of protein. At times procuticle stratifies into a

sclerotized exocuticle and a soft, inner endocuticle.
(Sclerotization involves linking protein molecules together

by quinone compounds into a solidified protein matrix,

creating rigid "plates" of exoskeleton known as sclerites)

●Epidermis: made up of a single layer of epithelial cells,

secretes the basement membrane and all of the overlying

layers of cuticle.

●Basement membrane: a supportive bilayer of

mucopolysaccharides and collagen fibers, it is where

epidermal cells rest.

Types of insect muscles 

1. Skeletal muscles – attacked to exoskeleton 2. Visceral muscles – found in the gut / alimentary canal.

Attachment of insect muscles 

(a) Some skeletal muscles using tonofibrillae attach on ectoderm (cuticle) through the epidermis.

(b) Other skeletal muscles attach on internal ridge-like cuticle called Apodemes  and Apophyses

(c) Flight muscles attach on platelike invaginations called phragma in the thorax.

http://en.wikipedia.org/wiki/Epicuticle
http://en.wikipedia.org/wiki/Procuticle
http://en.wikipedia.org/wiki/Squamous_epithelium
http://en.wikipedia.org/wiki/Basement_membrane
http://en.wikipedia.org/wiki/Epicuticle
http://en.wikipedia.org/wiki/Desiccation
http://www.cals.ncsu.edu/course/ent425/tutorial/integ.html#1
http://www.cals.ncsu.edu/course/ent425/tutorial/integ.html#1
http://www.cals.ncsu.edu/course/ent425/tutorial/integ.html#1
http://www.cals.ncsu.edu/course/ent425/tutorial/integ.html#1
http://www.cals.ncsu.edu/course/ent425/tutorial/integ.html#1
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ANTAGONIS TIC MUSCLES FOR INSECT LOCOMOTION 

(a) Levator vs. depressor muscles for wings

(b) Flexor vs extensor muscles in legs

A. DESCRIPTION OF WALKING IN INSECTS

●Walking is achieved by the coordinated activity of 6

legs all attached on the thorax.

● Bending and straightening of limbs is brought about by

the reciprocal innervation of flexor and extensor

muscles attached to the inner surface of the exoskeleton

on either side of a joint.

Reciprocal innervation: Same time excitation of one

muscle with the inhibition of its antagonist.

●A limb bends (folds) by contraction of flexor muscle

and relaxation of extensor muscle simultaneously (at the

same time).

●A limb straightens (extends) by contraction of extensor

muscle and relaxation of flexor muscle simultaneously.

●When the insect starts to walk, the 2nd leg on one side

and the 1st and 3rd legs on the other side support the body

off the ground  while the other 3 move forward.

●The 1st leg on the side where the 2nd leg is stationary

pulls the insect, while the 3rd leg of the same side and the

2nd leg on the other side push.

●The process is then repeated but with the role of each

trio of limbs reversed.
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INSECT FLIGHT MUSCLES 

Direct muscles  – directly attach to 

wings e.g. dragon flies, mayflies  

Indirect muscles  - attach to interior 

of thorax (NOT directly to wings) e.g. 

houseflies, honey bees, midges, etc 

Direct and indirect muscles  (mixed) 

COMPARISON OF DIRECT AND INDIRECT FLIGHT MUSCLES 

Direct muscles  Indirect muscles  

1. Directly attach to wing bases e.g. dragon flies, mayflies

2. Are Synchronous muscles i.e.

- One nerve impulse = one muscle contraction = one wing beat

– One contraction and relaxation per 1 neural impulse.

3. Frequency of wing beat corresponds to the rate at which the

nervous system can send impulses

4. Wing beat is slower (about 5-50 times/second)

1. Attach to interior of thorax (NOT directly to wings)

e.g. houseflies, honey bees, midges, etc

2. Are Asynchronous muscles i.e.

– More than 1 contraction and relaxation per 1 neural 

impulse.

3. Single nerve impulse required to initiate muscle

contraction, single impulse to stop.

- The muscles exhibit stretch reflex i.e. automatic

contraction in response to being stretched.

4. Energy is conserved because the elasticity of the

thorax 

restores its shape

5. Frequency of wing beat exceeds the rate at which

the nervous system can send impulses (about 120-200

beats in house flies to 1000 beats /second in midges).
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B. DESCRIPTION OF FLIGHT IN INSECTS

ACTION OF DIRECT FLIGHT MUSCLES 

 e.g. dragonflies, butterflies and grasshoppers. 1. Using Direct flight muscles
● During the upstroke, the elevator

muscles  contract, the depressor muscles

relax at the same time, the wings are

elevated.

● During the downstroke, the depressor

muscles contract, the elevator muscles

relax at the same time, the wings are

depressed down.

2. Using Indirect flight muscles

●During the downstroke, the longitudinal

muscles (depressor muscles) contract, the

tergo-sternal muscles (dorso-ventral 

muscles) relax at the same time, the thorax 

is compressed, its dorsal surface (notum) 

arches (bulges / bows upward), the wings

flip downward (depress).

● During the upstroke, the tergo-sternal

muscles  (elevator muscles) contract, the

longitudinal muscles  (depressor muscles)

relax at the same time, the notum is pulled

downward (flattens), causing the wings to

flip upward (elevate).

ACTION OF INDIRECT FLIGHT MUSCLES e.g. houseflies, bees and wasps, etc. 

Upstroke (wings raised / elevated) Down stroke (wings lowered / depressed) 

Wing raised 
Tergum 

Levator contracted 

Depressor relaxed 

Sternum 

Tergum 

Sternum 

Wing lowered 

Levator relaxed 

Depressor contracted 

Upstroke 

Down stroke 

Sternum 

Wing raised 

Tergum less arched 

Tergo-sternal 

contracted 

Longitudinal muscle 

relaxed 

Sternum 

Tergum more arched 

Wing lowered 
Tergo-sternal 

relaxed 

Longitudinal muscle 

contracted 

http://en.wikipedia.org/wiki/Notum
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ENDOSKELETON 

The vertebrate skeletal tissue is composed either of cartilage only like in elasmobranch fishes e.g. dogfish and sharks or 

both cartilage and bone covered by a muscular system. 

MUSCULAR TISSUE 

Muscular tissue is derived from the mesoderm and is specialised for contraction. It is made up of contractile units called 

muscle fibres bound in a framework f vascular connective tissue which also provides an anchorage to the skeleton or 

skin. 

TYPES OF MUSCLE 

●Smooth (Involuntary / visceral) muscle;
Location: walls of blood vessels; ciliary muscle; erector (arrector) pili muscle; gastrointestinal, urinogenital and

respiratory tracts  

●Skeletal (voluntary) muscle;
Location: attached to bones; abdominal wall; diaphragm; rectus muscle; under skin; middle ear.

●Cardiac (heart) muscle; Location: found in the heart only.

GROSS AND MICROSCOPIC STRUCTURE OF SKELETAL MUSCLE 
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As seen under the light microscope 

●Skeletal muscle is highly compartmentalized, and

each compartment is treated as a separate entity

(such as the biceps muscle).

●The entire muscle is a collection of several muscle

fibre bundles enclosed by connective tissue called

epimysium.

●One muscle fibre bundle contains many muscle

fibres surrounded by connective tissue called

perimysium.

●One muscle fibre is enclosed by endomysium, a

meshwork of collagen fibres and fibroblasts .

●Each striated muscle cell (muscle fiber) has a

fluidy sarcoplasm (cytoplasm); bound by the

sarcolemma (plasma membrane); is multinucleate (is

a  syncytium); the nuclei are at the periphery of the

cell; is long; cylindrical; with longitudinally oriented

threadlike structures-myofibrils  exhibiting periodic

cross striations repeatedly.

●The sarcoplasm contains Golgi apparatus, many

mitochondria, ribosomes, sarcoplasmic reticulum 

(endoplasmic reticulum), glycogen, lipid droplets,

and myoglobin.

Syncytium: A multinucleated mass of cytoplasm that

is not separated into individual cells.

Details of myofibril (fine structure) 

● One myofibril shows alternating cross striations; which are light (isotropic) and dark (anisotropic) bands.

● One myofibril is made of filamentous proteins; myosin (thick) and actin (thin) overlapping to give the striated

appearance.

● Actin filaments are anchored at their midpoints to a structure called the Z-line.

●The region from one z-line to the next is called a sarcomere, which is the functional unit of muscle contractions.

● Sarcomeres  are sections of myofibril that are separated from each other by areas of dense material called "Z discs".

● "A band" is the relatively darker area within the sarcomere that extends along the total length of the thick filaments .

●"H zone" is the region in which there are only thick filaments, and no thin filaments at the centre of the A band of each

sarcomere.

The "I band" is the region between adjacent A bands , in which there are only thin filaments , and no thick filaments .

(Each I band extends across two adjacent sarcomeres)

SLOW-TWITCH AND FAST-TWITCH MUSCLE FIBRES 
1. Slow-twitch fibres – e.g. calf muscle 2. Fast-twitch fibres  – e.g. biceps muscle

Contract more slowly, less powerfully, over a longer period 

hence suited to endurance work e.g. marathon running. 
Adaptations: 

(i) Large reservoir of myoglobin for storage of oxygen which

facilitate aerobic respiration to avoid accumulation of lactic acid

which would make them less effective.

(ii) Much glycogen to provide a source of metabolic energy.

(iii) A rich supply of blood vessels to deliver oxygen and glucose

needed in aerobic respiration to provide ATP.

(iv) Numerous mitochondria to produce ATP that maintains

muscle contraction.

Contract more rapidly, more powerfully, only for 

a short period hence suited to intense exercise 

e.g. weight lifting. 
Adaptations: 

(i) Thicker and more numerous myosin filaments.

(ii) High concentration of enzymes involved in

anaerobic respiration.

(iii) Store of phosphocreatine, a molecule that

can rapidly generate ATP from ADP in anaerobic

conditions and so provide energy for muscle

contraction.

http://www.ivy-rose.co.uk/References/glossary_entry656.htm
http://www.wheelessonline.com/ortho/i_band
http://www.wheelessonline.com/ortho/a_band
http://www.ivy-rose.co.uk/References/glossary_entry662.htm
http://www.ivy-rose.co.uk/References/glossary_entry663.htm
http://www.ivy-rose.co.uk/References/glossary_entry665.htm
http://www.ivy-rose.co.uk/References/glossary_entry664.htm
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HOW SKELETAL MUSCLE STRUCTURE RELATES TO FUNCTIONING 

●Each muscle cell is long to allow considerable contractile effect.

●The fibres are parallel to each other so that contractile effect is transmitted along same axis.

●Muscle fibres taper at both ends for interweaving to improve muscle strength.

●Muscle fibres have very many mitochondria to provide much ATP needed in muscle contraction.

●Cross bridges enable actin and myosin to fit into each other to allow sliding during muscle contraction.

●There is a rich supply of blood vessels to supply nutrients to and drain wastes away from cells.

●There is much myoglobin for storage of oxygen needed very much in aerobic respiration during exercising.

●There are motor end plates to allow innervation that result in contraction.

●There is a dense network of internal membrane system (including transverse tubules) for calcium ion storage which is

very much needed in muscle contraction.

●Reciprocal innervation ensures antagonistic muscular contraction to bring about realistic movement

WHAT IS A NEUROMUSCULAR JUNCTION (NMJ) / MOTOR END PLATE? 

●A single synapse or junction made between one motor neuron and one muscle fiber.

http://en.wikipedia.org/wiki/Synapse
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MECHANIS M OF MUSCLE CONTRACTION AND RELAXATIO N 

The sliding filament theory / Ratchet mechanism 
Excitation-Contraction coupling (see next page for definition)  

●Arrival of an action potential at the synaptic terminal of motor

neuron causes the influx of Ca2+ ions from the extracellular fluid

into the presynaptic neuron's cytosol followed by exocytosis of

synaptic vesicles containing acetylcholine.

●Acetylcholine diffuses across the synaptic cleft of

neuromuscular junction to depolarize the sarcolemma and trigger

an action potential that spreads through the transverse tubules,

causing the sarcoplasmic reticulum to release Ca2+ into the

sarcoplasm.

●Ca2+ bind to troponin of actin to cause cooperative

conformational changes in troponin-tropomyosin system, releasing

the inhibition of actin and myosin interaction.

●Myosin hydrolyses ATP and undergoes a conformational 

change into a high-energy state.

●The myosin head binds to actin forming a cross-bridge between

the thick and thin filaments.

●This is accompanied by energy release, ADP and inorganic

phosphate dissociation from myosin.

●The resulting relaxation entails rotation of myosin head, which

flexes the cross bridge to move actin a small distance pulling the

Z-discs towards each other, thus shortening the sarcomere and the

I-band.

●The collective flexing of many cross bridges by myosin to move

actin in the same direction results in muscle contraction.

Relaxation 

● Ca2+ are pumped back into sarcoplasmic reticulum.

●Again ATP binds to myosin head, detaching it from actin as the

myosin head “recharges” or “cocks”.

●Troponin-tropomyosin regulated inhibition of actin and myosin

interaction is restored

● Finally, active tension disappears and the rest length is restored.

This completes the contraction-relaxation cycle.

NB: high concentration of Ca2+ in the sarcoplasm coupled with

lack of ATP results in Rigor mortis (see below for details on this

phenomenon)

EVIDENCE OF SLIDING FILAMENT THEORY 

(OBSERVATIONS) IN A CONTRACTING MUSCLE FIBRE  

 ● Each sarcomere shortens  / Z lines come closer 

●I Band shortens

●H zone shortens greatly (usually disappears).

●A Band remains  unchanged in length during contraction or

relaxation

●Cross bridges are visible between actin and myosin in

photomicrographs. 

CHANGES DURING MUSCLE PASSIVE STRETCHING 

●Sarcomere lengthens

● I Band elongates.

http://en.wikipedia.org/wiki/Sliding_filament_model
http://en.wikipedia.org/wiki/Action_potential
http://en.wikipedia.org/wiki/Extracellular_fluid
http://en.wikipedia.org/wiki/Cytosol
http://en.wikipedia.org/wiki/Exocytosis
http://en.wikipedia.org/wiki/Synaptic_vesicle
http://en.wikipedia.org/wiki/Acetylcholine
http://en.wikipedia.org/wiki/T-tubule
http://en.wikipedia.org/wiki/Sarcomere
http://en.wikipedia.org/wiki/Adenosine_triphosphate
http://www.wheelessonline.com/ortho/i_band
http://www.wheelessonline.com/ortho/a_band
http://www.wheelessonline.com/ortho/i_band
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WHAT IS RIGOR MORTIS? 

●The progressive stiffening of the body that occurs several hours after death as a result of failure of contracted muscles

to relax.

WHAT CAUSES RIGOR MORTIS? 

●Upon death, there’s increased permeability of sarcoplasmic membrane to Ca2+, allowing Ca2+ influx into the

sarcoplasm hence promoting the cross -bridge formation between actin and myosin (muscle contraction).

●However efflux of Ca2+ from the sarcoplasm into the sarcoplasmic reticulum fails because of lack of ATP since

respiration would have ceased. This causes the muscle to remain contracted, relaxing only when decomposition starts.

NB: Interestingly, meat is generally considered to be tenderer if it is consumed after expiry of rigor mortis.

WHAT IS EXCITATION-CONTRACTION COUPLING? 

●The sequence of events by which an action potential in the plasma membrane of the muscle fibre leads to force
production via an increase in intracellular calcium and cross bridge formation and turn -over (see previous page for

explanation)

ATP PRODUCTION DURING MUSCLE CONTRACTION 

1. Phosphorylation of ADP by creatine phosphate provides a very rapid means of forming ATP at the onset of

contractile activity. Phosphocreatine + ADP   ATP + creatine

In a resting muscle fiber, the concentration of ATP is always greater than ADP leading to the reformation of creatine

phosphate.

2. Oxidative phosphorylation of ADP in mitochondria during aerobic respiration (need myoglobin for oxygen

transfer)

3. Substrate phosphorylation of ADP in glycolysis during anaerobic respiration to form lactic acid in the process.

The accumulation of lactic acid is associated with muscle fatigue, which is broken down later in the liver using oxygen

to constitute what is called oxygen debt.

WHAT IS THE OXYGEN DEBT? 

The amount of extra oxygen required by muscle tissue to oxidize lactic acid and replenish depleted ATP and 

phosphocreatine following vigorous exercise. 

Oxygen uptake at rest, in 
heavy exercise and in recovery 

http://en.wikipedia.org/wiki/Rigor_mortis
http://en.wikipedia.org/wiki/Rigor_mortis
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MUSCLE STIMULATION FREQUENCY AND THE LENGTH-TENSION RELATIONS HIP 

MUSCLE TWITCH 

This is the rapid muscle contraction in response to a single stimulation 

LATENT PERIOD 

A very brief interval between stimulus application and onset of muscle fibre contraction. During latent period, excitation 

of muscle fibre followed by contraction occur  

ALL-OR-NOTHING LAW OF THE MUSCLE 

The response of one muscle fiber is independent of the intensity of the stimulus, provided the stimulus is of threshold 

strength.  

The entire skeletal muscle doesnot obey the all-or-none law because the total amount of contraction depends on the 

number of muscle fibres that are contracted at a time. 

NB: the all-or-none law holds only for the unit of tissue; i.e. the nerve cell (for nervous tissue), one muscle fiber (for 

skeletal muscle) and the entire auricles or the entire ventricles (for the heart). 

THRES HOLD 

 The electrical potential (less negative than the resting potential) at which an action potential is triggered. 

If the frequency of stimulation progressively increases such that it gives first, little time and later no time for complete 

relaxation, the graph below shows what can be observed. 

MECHANICHAL SUMMATION / UNFUS ED TETANY 

The condition whereby multiple stimulation of a muscle or nerve before full relaxation results in a series of twitches 

added together to produce a more sustained contraction. 

TETANY 

●Smooth, sustained maximal contraction of a muscle in response to rapid firing by its motor neuron.

NB:  The ability of a muscle to undergo tetany depends upon its refractory period.

REFRACTORY PERIOD 

●A short period of inexcitability in a nerve or muscle cell following stimulation.

●The amount of time it takes for an excitable membrane to be ready for a second stimulus once it returns to its resting

state following excitation.

MUSCLE FATIGUE 

●A condition of the muscle in which its capacity to produce maximum voluntary action, or to perform a series of

repetitive actions, is reduced.

Muscle fatigue results when there is tissue oxygen deprivation, glycogen or Phosphocreatine depletion, and increased

level of blood and muscle lactic acid in an exercised muscle.

http://www.biology-online.org/dictionary/Condition
http://www.biology-online.org/dictionary/Muscle
http://www.biology-online.org/dictionary/Voluntary
http://www.biology-online.org/dictionary/Tissue
http://www.biology-online.org/dictionary/Oxygen
http://www.biology-online.org/dictionary/Glycogen
http://www.biology-online.org/bodict/index.php?title=Phosphocreatine&action=edit
http://www.biology-online.org/dictionary/Blood
http://www.biology-online.org/dictionary/Muscle
http://www.biology-online.org/dictionary/Lactic_acid
http://www.biology-online.org/dictionary/Muscle


 

Page 17 of 25 

LOCOMOTION IN FISH 

Most fish have a line of muscle blocks, called myomeres (myotomes), along each side of the vertebral column. To 

swim, they alternately contract one side and relax the other side in a progression which goes from the head to the tail. In 

this way, an undulatory locomotion results, first bending the body one way in a wave which travels down the body, and 

then back the other way, with the contracting and relaxing muscles switching roles. They use their fins to propel 

themselves through the water in this swimming motion. 

TYPES OF LOCOMOTION IN FISH 

Anguilliform  e.g. eel Carangiform e.g. dog fish, perch Ostraciform e.g. Ostracium (trunk fish) 

●When myotomes on one side of body contract; those of the opposite side relax at the same time; the tail pushes against

the water towards the contracted side; generating a thrust that can be resolved into 3 forces:

(a) The reaction force which is the reaction of the water against the pushing action of the water and is equal and opposite

to the thrust.

(b) The forward (propulsive) force that pushes the fish forward.

(c) Lateral drag (sideways) force that swings the tail towards the left and the head towards the right and thus slows

(drags) the fish. Lateral drag is countered by:

(i) Pressure of the water against the head

(ii) Pressure of the water against the dorsal fin, both of which enable to move forward without swinging from side to side

very much i.e. the lateral forces essentially cancel out.

NOTE 

Many invertebrates like round worms and some flagellated cells including spermatozoa exhibit the principles involved in 

propulsion as in the above fishes. 

http://en.wikipedia.org/wiki/Myomere
http://en.wikipedia.org/wiki/Undulatory_locomotion
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SUPPORT (BUOYANCY) IN FISH 

Elasmobranchs like dog fish sharks, skates and rays. Teleosts like perch 

●Support is provided by constant swimming using fins.

●These fish’s density is slightly greater than that of water

and must swim continuously to avoid sinking.

●How they are adapted to this: (1) possession of large

pectoral and pelvic fins which direct swimming upwards

(2) possession of heterocercal tail i.e. a tail with smaller

upper and larger lower lobes for generating much lift and

forward motion

●During forward motion the pectoral and pelvic fins are all 

held at a slight angle to the body, generating a force which

can be resolved into upward and backward components.

●The upward component force lifts the anterior end up in

the water while the backward component force called

backward drag being small only slightly impedes motion

and is easily suppressed.

●Support is provided by adjusting air in the swim bladder

which may be (1) a closed swim bladder filled with

gaseous mixture of oxygen, nitrogen and carbondioxide –
all secreted from blood vessels in its wall. The closed type

is the most common in bony fish. (2) an open swim 

bladder having a duct connection to the pharynx and

operates as follows:

●Expulsion of air from the swim bladder increases the

fish’s relative density and it sinks. If it’s to stay afloat, the

fish first swims to the water surface then gulps air into the

swim bladder to decrease the specific gravity so that the

body weight equals the weight of water displaced.

NB: Unlike in elasmobranchs, the teleost’s pectoral fins 

are only moved at will e.g. during braking and steering but 

do not act as main support structures. 

INSTABILITY IN FISH 

ADAPTATIONS FOR LOCOMOTION IN FISH 

●Fish’s body is fusiform-shaped (spindle shaped) and laterally compressed to reduce water resistance during swimming

●The slippery layer of mucus on the skin reduces water resistance during swimming

●The presence of many rayed-fins enables the fish to swim and also maintain its balance / stability in water

●The lateral line enables sensitivity of fish and also functions as an echo location process for the fish to identify its

surroundings while in water

●Scales are arranged in a head to    tail direction to reduce water resistance during swimming

●The swim bladder in bony fish maintains buoyancy

●Extensive blood vascular system supplies oxygen and nutrients to the muscle tissues for contraction and drain away

wastes

●Body is highly muscular to generate great propulsive force against water resistance

●The neuromuscular activity is highly coordinated resulting in reciprocal innervation.

Pitching 

Rolling Yawing Rolling: rotation of the body about its longitudinal 

axis. It’s counteracted by dorsal, ventral (vertical) 

and pectoral (horizontal) fins acting like stabilizers 

on a ship. 

Pitching: tendency of the fish’s anterior end to 

plunge vertically downwards (transverse axis 

rotation). It’s counteracted by (i) pectoral fins and 

to a lesser extent pelvic fins (ii) dorsal-ventral 

flattening of the body in the dogfish. 

Yawing: lateral side to side deflection of the anterior 

part of body resulting from the propulsive action of 

the tail (vertical axis rotation). It’s  counteracted by 

(i) general massiveness of anterior part of body (ii)

water’s pressure against the body side (iii) water’s

pressure against the vertical fins (dorsal, anal, ventral 

fins) (iv) lateral flattening (compression) of the body

http://www.biology-resources.com/drawing-fish-sea-horse.html
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LOCOMOTION IN BIRDS 

EXTERNAL AND INTERNAL FEATURES THAT ADAPT BIRDS TO LOCOMOTION 

●Birds' bodies are streamlined (spindle shaped) during flight for overcoming air-resistance during flight.

●The endoskeleton is hollow (pneumatized) to reduce weight, and many unnecessary bones are fused into a single

structure e.g. some vertebrae, pelvic girdle, finger and leg bones.

●Many unnecessary parts like urinary bladder and pinna are totally eliminated while reproductive organs (testes, ovaries

and oviducts) are kept tiny during non-breeding seasons to reduce weight.

●The sternum bone is extended into a large keel, for the attachment of large powerful flight muscles.

●The vanes of the feathers have hooklets called barbules  that zip them together, giving the feathers the strength needed

to hold the airfoil.

●The major wing bones have internal strut-like reinforcements  to prevent buckling during stress.

●The respiratory system is extensive and very efficient in supplying muscles with oxygen to facilitate much energy

release needed in muscle contraction during respiration

●Their efficient circulatory system powered by a four-chambered heart enables fast supply of oxygen and food to the

body tissues and carry away wastes.

●The large brains that are connected to eyes coupled with high-speed nerve transmission enable quick decision making

especially when landing.

●The large size of eyes in relation to their body size, coupled with eye keenness enable high visual acuity without

crashing into objects.

●The flight muscles of most birds contain oxygen-carrying compounds, (myoglobin and cytochrome) for storing much

oxygen which facilitates the release of much energy needed in muscle contraction.

●The forelimbs have become modified into wings which act as aerofoil, generating lift when passed into air.

●They have high body temperature which maintains the high metabolic ra te for generating much energy.

FLIGHT BIOMECHANICS (FLIGHT BIOPHYSICS) 

THE BIRD’S WING AS AN AEROFOIL / AIRFOIL 

Aerofoil / Airfoil: A structure whose shape and orientation provides lift, propulsion, stability, or directional control in a 

flying object. 

An airfoil-shaped body moved through a fluid (air or liquid) produces an aerodynamic force, which is the resultant 

forces exerted on a body by the air in which the body is immersed, and is due to the relative motion between the body 

and the fluid. 

PRINCIPLES OF THE AEROFOIL 

The four basic forces at work when a bird is in flight are: Lift, Thrust, Gravity (weight) and Drag of which only 

gravity is constant (unchanging), the remaining three forces can be altered.  

NB: Weight is a body force, not an aerodynamic force. 

In a bird flying level at a constant speed, all four of these forces are in balance or equilibrium.  

Weight:  a continuous downward force (force of gravity) that flying objects must constantly overcome to  stay in the air 

(aloft). The opposing force of gravity is lift. 

Thrust: the force generated by flapping the wings which moves the bird forward and opposes drag. To move forward the 

flying bird must overcome drag.  Drag can be reduced by streamlined shapes . 

Drag (air resistance): is the friction between the moving object and the air, opposing thrust. The more streamlined or 

aerodynamic an object is, the less air resistance the object generates.  

http://en.wikipedia.org/wiki/Bird_skeleton
http://en.wikipedia.org/wiki/Feather
http://en.wikipedia.org/wiki/Barbule
http://en.wikipedia.org/wiki/Fluid
http://en.wikipedia.org/wiki/Aerodynamic_force
http://en.wikipedia.org/wiki/Force
http://www.furball.warbirdsiii.com/krod/basic-physics.html#lift
http://www.furball.warbirdsiii.com/krod/basic-physics.html#thrust
http://www.furball.warbirdsiii.com/krod/basic-physics.html#drag
http://en.wikipedia.org/wiki/Body_force
http://www.lcse.umn.edu/~bruff/trithis.html
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Drag is higher when 

(i) The surface area of the object exposed to the fluid flow is higher (the reason why birds spread out their wings to slow

down or land)

(ii) The object is moving faster (or the relative fluid flow is faster)

(iii) The fluid has more momentum, or inertia (high fluid viscosity and density e.g. at low altitudes)

Note that air at lower altitudes has more oxygen to facilitate muscle contraction of wings, but is thicker and 

therefore increases drag.

Lift: the mechanical aerodynamic force generated by the wings which directly opposes the (gravity) weight of a bird. 

Lift is higher when  

(i) The area of the bottom of the wing is larger

(ii) The animal is moving faster

(iii) Fluid viscosity and density are higher.

Thicker air increases thrust by supplying the wings with more mass to move.

BERNOULLI’S PRINCIPLE AND AEROFOIL OPERATION 

Daniel Bernoulli’s  theorem: an increase in the speed of a fluid produces a decrease in pressure and a decrease in the 

speed produces an increase in pressure. 

As the bird flies, the air splitting at the front of the wing must rejoin at the back of the wing  so as not to create a vacuum. 

The curved top surface being longer forces the air to move faster across the top than the bottom. Faster moving fluids 

create less pressure, so the bottom of the wing creates greater pressure than the pressure exerted downward above the 

wing, resulting in a net upward force, or lift. 

The faster air moves across the wing the more lift the wing will produce, so moving it through the air by flapping 

increases this airflow and thus increases lift. The bird doesn’t propel air underneath its wing; instead it cuts into the air 

with the leading edge to obtain the flow over the surface that it requires.  

EFFECT OF ANGLE OF ATTACK ON LIFT 

The angle of attack (AoA): the angle at which the leading edge of wing cuts into the forward airflow.  

NB: It is erroneously thought that AoA is the angle of the aerofoil relative to the ground, yet it’s the angle of the wing 

relative to airflow  

●Increasing the angle of attack increases the volume of air diverted over the wing and leads to an increase  in lift, but this

is at the expense of drag which quickly increases.

●In a bird excessive AoA results in air turbulence / interruption of airflow (eddy) above the wing which causes a flight

stall e.g., when taking off or landing.

● Air turbulence above the wing in birds is prevented by (1) the alula (bastard wings) and  (2) end-feathers, both of

which serve as sloths to smoothen the airflow above the wings. The alula is formed by 3 or 4 feathers attached to the first

digit. NB: Angle of attack decreases with increasing speed 

http://www.grc.nasa.gov/WWW/K-12/airplane/presar.html
http://www.grc.nasa.gov/WWW/K-12/airplane/weight1.html


 

Page 21 of 25 

MECHANIS M OF FLAPPING FLIGHT 
Attachment of flight muscles in a bird’s thoracic region 

5 Whole 

body lifted 

4 Upthrust transmitted 

from wing to coracoid 

3 Air resistance 

gives upthrust 

on wing 2 Wing pulled 

down 

1 Major pectoral 

muscle contracts 

Tendon of minor 

pectoral muscle 

Coracoid 

Minor pectoral muscle 

Major pectoral muscle 

Sternum 

Keel 
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Downstroke ●Downstroke is marked by contraction of pectoralis

major muscle and relaxation of pectoralis minor muscle

(supracoracoideus) at the same time; abduction (elevation /

raising) of humerus to a nearly vertical position and also

retraction (pulling back) of wings to a horizontal position

backwards; full extension of the elbow and wrist joints ;

pronation (dropping of leading edge relative to the trailing

edge) and slight protraction (stretching out) slightly of

humerus. This is followed by the downwards and forwards

movement of wings until they lie parallel to and in front of

the body. This is accomplished in part by protraction

(stretching out) of the humerus.

Upstroke  

Flexed wrist reduces air resistance. 

The up-stroke of the wing is much more rapid than the 

down-stroke.  

●During upstroke the pectoralis minor muscles 

(supracoracoideus) contract; the pectoralis major muscles 

relax at same time; the wings are first 

adducted(elevated/raised); bent at the wrist; the arm is 

rotated slightly so that the leading edge is higher than the 

trailing edge; thus reducing the air resistance and the rush 

of air lifts the wing. 

NB: The secondary feathers provide much of the lifting 

force and the primaries most of the forward thrust. 

Why does the slower moving air generate more pressure on the wing than the faster moving air?  

In calm air, the molecules are moving randomly in all directions. However, when air begins to move, most (but not all) 

molecules are moving in the same direction. The faster the air moves, the greater the number of air molecules moving in 

the same direction. So, air moving a bit slower will have more molecules moving in other directions. In the case of a 

wing, because air under the wing is moving a bit slower than air over the wing, more air molecules will be striking the 

bottom of the wing than will be striking the top of the wing.  

QUESTIONS TO EXPLORE 

(a) Compare gliding and flapping flights

(b) Compare the flight mechanism of insects and birds

Please read and summarise notes about joints of the mammalian skeleton 

1, 2 and 3 are successive stages of down stroke. 

1 2 

3 
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 THE HUMAN SKELETON 

HIGHLIGHTS OF THE HUMAN SKELETON 

●Consists of 206 bones  at adulthood, about 300 at childhood.

●The longest bone in the human body is the femur; the

smallest is stirrup in the ear.

● Males have slightly thicker and longer legs and arms; females

have a wider pelvis and a larger space within the pelvis.

●It is divided into axial and appendicular skeletons

Axial skeleton is composed of 80 bones divided into five parts; 

the human skull, the ossicles  of the middle ear, the hyoid bone 

of the throat, the rib cage, and the vertebral column. 

The word Axial, taken from the word axis refers to the fact that 

the bones are located close to or along the central axis of the 

body. 

Appendicular skeleton is composed of 126 bones  divided into 

six major regions: 

●Pectoral Girdles (4 bones) - Left and right Clavicle (2) and

Scapula (2).

●Arm and Forearm (6 bones) - Left and right Humerus (2)

(Arm), Ulna (2) and Radius  (2) (Fore Arm).

●Hands (58 bones) - Left and right Carpal (16) (wrist),

Metacarpal (10), Proximal phalanges (10), Middle phalanges

(8), distal phalanges (10), and sesamoid (4).

●Pelvis (2 bones) - Left and right os coxae (2) (ilium).

●Thigh and leg (8 bones) - Femur (2) (thigh), Tibia (2), Patella

(2) (knee), and Fibula (2) (leg).

●Feet (56 bones) - Tarsals  (14) (ankle), Metatarsals (10),

Proximal phalanges (10), middle phalanges (8), distal phalanges

(10), and sesamoid (4).

The word appendicular is the adjective of the noun

appendage, which itself means a part that is joined to

something large.

FEATURES OF THE MAIN FORE AND HIND LIMB BONES 

Main fore limb bones Hind limb bone 

HUMERUS 

●It upper end bears a head which articulates with the glenoid cavity of the

scapula to form a ball and socket joint at the shoulder.

●At its lower end is the trochlea which articulates with the fore arm to

form a hinge joint at the elbow.

ULNA

●Its upper end bears the olecranon process  just after the elbow joint which

when the arm is straightened prevents any further backward movement of

the fore arm hence dislocation doesn’t occur.

Therefore the olecranon process is considered to be the most important

structure on the ulna bone.

●It also bears a notch, the sigmoid notch close to the upper end which

articulates with the trochlea of the humerus.

FEMUR 

●At its upper end is a round head which

articulates with the acetabulum of pelvic girdle

to form a ball and socket joint at the hip.

●Three (3) trochanter processes  protrude

below the head and provide points of attachment

for the thigh muscles.

●The lower end bears two (2) processes called

condyles  which articulate with tibia to form a

hinge joint at the knee.

A patella groove (where the knee cap is

located) separates the femur’s 2 condyles.

http://www.enchantedlearning.com/subjects/anatomy/skeleton/
http://www.enchantedlearning.com/subjects/anatomy/ear/
http://en.wikipedia.org/wiki/Human_skull
http://en.wikipedia.org/wiki/Ossicles
http://en.wikipedia.org/wiki/Hyoid_bone
http://en.wikipedia.org/wiki/Rib_cage
http://en.wikipedia.org/wiki/Vertebral_column
http://en.wikipedia.org/wiki/Clavicle
http://en.wikipedia.org/wiki/Scapula
http://en.wikipedia.org/wiki/Humerus
http://en.wikipedia.org/wiki/Ulna
http://en.wikipedia.org/wiki/Radius
http://en.wikipedia.org/wiki/Carpal
http://en.wikipedia.org/wiki/Metacarpal
http://en.wikipedia.org/wiki/Femur
http://en.wikipedia.org/wiki/Tibia
http://en.wikipedia.org/wiki/Patella
http://en.wikipedia.org/wiki/Fibula
http://en.wikipedia.org/wiki/Tarsus_(skeleton)
http://en.wikipedia.org/wiki/Metatarsals
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HIND LIMB OF A TYPICAL MAMMAL 
Draw from: Michael Roberts, Pg. 423 fig. 24.8 left  or 

M.B.V. Roberts, functional approach 

ILLUSTRATION OF THE HIND LIMB ACTION IN 

PROPULSION Draw from: Michael Roberts, Pg. 424 fig. 

24.9A left  or M.B.V. Roberts, functional approach 

BIPEDALIS M [PROPULSION USING 2 REAR LEGS] 

Bipedal locomotion is walking, running, and standing on two rear limbs. 

●During walking, the calf muscle of the right limb contracts to raise the right heel; causing the ball of foot to exert a

contact force on the ground; generating the ground reaction force (GRF) which thrusts the body forward and slightly

upwards.

●The weight of the body shifts to the left foot which is still in contact with the ground to provide supp ort.

●Extension of the right limb results in its heel touching the ground first to bear the body weight transferred to it from the

left side.

●Further forward movement of the body exerts backward pressure against the ground through the right big toe.

●As the right leg bears the body weight, the left heel is raised and the whole sequence repeats.

●This sequence in which the right leg alternates with the left, heel-and-toe action continues until walking ceases.

●The GRF is composed of the lift force which thrusts the body off the ground and the forward force that propels the

body forward - the magnitude of which depends on the angle between the ground and the main axis of the limb.

●A large angle between the ground and the main axis of the limb (e.g. 900) results in large lift force which thrusts the

body vertically upwards with no forward force, a small angle causes a relatively bigger forward force and small upward

lift.

NB: The ball of the foot is where the toes join with the rest of the foot.

WHY MAN STANDS ON SOLES BUT GENERALLY SPRINTS ON TOES  

●Standing on soles increases the surface area for supporting the body weight in a balanced posture.

●Sprinting on toes increases the effective length of limbs; enabling taking longer strides that propel the body forward

over a greater distance and at a faster pace even if the speed of limb movement remains the same.

WHY SPRINTERS CROUCH (BEND DOWN) BEFORE TAKEOFF 

Crouching creates a small angle between the ground and the main axis of the limb; resulting in maximum forward thrust 

rather than upward lift; hence propelling the body a greater distance forward. 

QUADRUPEDALIS M [PROPULSION USING FOUR LEGS] 

Quadruped: an animal especially a mammal, having four 

limbs all specialized for walking, except humans and the 

birds. 

Tetrapod: a vertebrate animal having four limbs e.g. 

amphibians, reptiles, birds and mammals. 

NB: A Tetrapod  may use only two limbs for walking 

●Contraction of extensor muscle causes each limb to act as a lever by extending and exerting a backward force that

presses the foot against the ground thus thrusting the animal forward and slightly upwards; because an equal and

http://www.wordiq.com/definition/Walking
http://www.wordiq.com/definition/Running
http://www.wordiq.com/definition/Standing
http://www.facebook.com/pages/w/108361622528282
http://www.facebook.com/pages/w/108364105854575
http://en.wikipedia.org/wiki/Contact_force
http://en.wikipedia.org/wiki/Toes
http://en.wikipedia.org/wiki/Leg_(anatomy)
http://www.thefreedictionary.com/tetrapod
http://en.wikipedia.org/wiki/Amphibian
http://en.wikipedia.org/wiki/Reptile
http://en.wikipedia.org/wiki/Bird
http://en.wikipedia.org/wiki/Mammal
http://www.thefreedictionary.com/tetrapod
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opposite force called reaction force is transmitted along the length of the limb against the body while contraction of 

flexor muscle pulls the limb forward and lifts it off the ground. 

●During walking, only one limb is raised at a time; the other three remain anchored to the ground to provide tripod

support / stability in a sequence of leg movement as follows : left forelimb; right hindlimb; right forelimb; left

hindlimb [N.P.O. Green; etal, Biol Sc]   or LH; LF; RH; RF [Michael Roberts Pg 426& FA]

●During slow running, tripod support is lost because the two forelimbs are moved together followed by the two hind

limbs in the sequence of: left forelimb; right forelimb; right hindlimb; left hindlimb.

● During maximum speed running, a dog uses its back to attain speed. All the four legs may be lifted off the ground at

the same time, with alternate upward arching of the back coupled with rear feet extension in front of the front feet and

the front feet extension behind the rear feet, and full extension of the vertebral column coupled with full extension of

front legs forward and rear legs rearward to increase stride length.

SUCCESSIVE STAGES IN THE DIAGONAL LOCOMOTORY 

PATTERN OF A WALKING TETRAPOD 

Draw from: Michael Roberts, etal Page 426 fig. 24.11B (walking)  

or M.B.V. Roberts, functional approach 

TASK  
Summarize the importance of centre of gravity 

Check: Michael Roberts, etal Page 426 

PLANTIGRADE, DIGITIGRADE AND UNGULIGRADE LOCOMOTION 

●Plantigrade locomotion: walking with the podials and metatarsals flat on the ground e.g. humans, raccoons,

opossums, bears, rabbits, kangaroo, mice, pandas, rats and hedgehogs.

●Digitigrade locomotion: walking on the toes with the heel and wrist permanently raised e.g. birds, wolf, dog, coyote,

cat, lion, elephant (semi-digitigrade)

●Unguligrade locomotion: walking on the nail or nails of the toes (the hoof) with the heel/wrist and the digits

permanently raised. Ungulates include horse, zebra, donkey, cattle, bison, rhinoceros, camel, hippopotamus, goat, pig,

sheep, giraffe, okapi, moose, deer, antelope, and gazelle.

Advantage of a plantigrade foot: because of a large surface area, it offers stability and able to bear much weight. 

Disadvantage of a plantigrade foot: locomotion is 

 of slow speed because of many bones and joints in the foot making the leg heavier at the far end.  

Advantage of digitigrades: They are generally faster and quieter than other types of animals  

QUESTION  

Explain why in terrestrial tetrapods it is advantageous to have limbs below and parallel to the sides of the body e.g. in 

mammals rather than lateral to the body e.g. in amphibians 

Consult with: Clegg and Mackean, Adv. Biol Princ. & Applic. Page 495 
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http://en.wikipedia.org/w/index.php?title=Podial&action=edit&redlink=1
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http://en.wikipedia.org/wiki/Horse
http://en.wikipedia.org/wiki/Zebra
http://en.wikipedia.org/wiki/Donkey
http://en.wikipedia.org/wiki/Cattle
http://en.wikipedia.org/wiki/Bison
http://en.wikipedia.org/wiki/Rhinoceros
http://en.wikipedia.org/wiki/Camel
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