A 12 Neurobiology and behaviour

Option

12.1 Neural development
Essential idea: Modification of neurons starts in the earliest stages of
embryogenesis and continues to the final years of life.

Formation of the neural tube
Growth and development of an embryo involves cell division, cell maturation, and
the specialization of cells.
n

An early embryo consists of a large number of very similar cells, the product of
numerous mitotic divisions.

n

A dense ball of cells is formed, and then these cells become rearranged into a
hollow sphere, known as a blastula.

n

A series of extensive cell migrations takes place within the growing embryo,
so that the layers of cells that go on to form the tissues and organs of the new
organism are laid down.

The stage in which the formation of the nervous system begins is known as
neurulation.

Annotation of a diagram of
embryonic tissues in Xenopus

The early embryological development can be investigated experimentally by
examining Xenopus. Xenopus is a genus of African frogs, known as African clawed
frogs. Frog eggs are large, produced in large quantities, and easy to manipulate.

body wall already
three-layered

cells on the blastula
migrated inside at this
point to create the three
layers of embryo
ectoderm (forms the skin)
notochord (vertebrae
form around it)
mesoderm (forms the
muscles, blood
vessles, kidneys, etc.)

Xenopus embryo
in section
position of
neural plate

3

1
steps in the formation
of the neural tube
neural tube (forms
the brain, spinal cord,
and nerves) 2

• Experiments on Xenopus (see below)
and on other simple chordates show
that the neural tube is formed by
infolding of a part of the ectoderm,
known as the neural plate.
• The neural tube comes to run the
length of the growing embryo,
just below the dorsal surface
(Figure 12.1).
• The neural tube subsequently
develops into the brain and spinal
cord – the central nervous system
(CNS). From these grow out the
nerves that are to serve and
coordinate body actions.

Key fact

NATURE OF SCIENCE
Use models as representations of the real world – developmental neuroscience uses
a variety of animal models.

Xenopus embryo at the
stage of neurulation

Expert tip

neural plate (part of
the outer layer of
cells [ectoderm])

cell divisions and cell
migrations start to
change the neural
plate into a tube

The neural tube of embryonic
chordates is formed by infolding of
ectoderm followed by elongation of
the tube.
Expert tip
Xenopus can be used as an animal
model showing the development of
embryonic tissues during neurulation.

Expert tip
You need to be able to draw and
annotate diagrams of steps in the
development of the upper (dorsal)
part of the developing embryo of
Xenopus, seen in cross-section,
showing the sequence of events
in which the following structures
appear: (i) neural groove, (ii) neural
tube, (iii) notochord, (iv) wall of gut
and gut cavity. Use Figure 12.1 to
help practise this skill.

gut cavity

endoderm (forms the gut)

Figure 12.1 Neurulation in Xenopus – formation of the neural tube
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APPLICATIONS

Incomplete closure of the embryonic
neural tube can cause spina bifida
Spina bifida is a relatively common human birth defect, occurring in about 1 in
1000 births.
n

It is the result of incomplete closure of the embryonic neural tube, most
commonly seen in the lower back. The vertebrae associated with the spinal
cord there do not usually form fully either.

n

When the opening is large enough, it is common for part of the spinal cord to
protrude. Often, the gap can be surgically closed after birth but the spinal cord
may not function fully in the affected region. The result is that patients typically
suffer from some degree of paralysis, and bladder and bowel control problems.

Expert tip
You do not need to know terminology
relating to embryonic brain areas or
nervous system divisions.

Development of neurons
■■ Neurons are initially produced by differentiation in

the neural tube
As the neural plate develops into the neural tube, the cells there continue to
divide by mitosis – 250 000 are created every 60 seconds.
n

The first formed cells of an embryo are stem cells (Topic 1, page 8) which are
capable of becoming any type of body cell. They are totipotent.

n

By the time the neural tube has formed, neural tube cells are able only to
develop and form the nervous system. Cells are multipotent.

n

Multipotent stem cells have a limited capacity for self-renewal – they are capable
of creating, maintaining and repairing the cells of one particular organ or tissue.

Another feature of these embryonic cells is that, during development, billions
of cells die: all unessential cells, together with any infected or damaged cells, are
destroyed by a carefully controlled process, known as programmed cell death
(PCD – see page 5).

Expert tip
Each neural stem cell divides repeatedly
to form another neural stem cell and
a neuroblast cell, which itself divides
repeatedly, eventually maturing into
neurons and glial cells (the support cells
of the nervous system).

■■ Immature neurons migrate to a final location
Neurons migrate to their final destination.
n

Migrations are over variable distances, from a few millimetres to destinations
within the peripheral nervous system (PNS).

n

Migrating cells are immature, lacking axons, dendrons, and dendrites.

n

Migration of neurons is particularly important in brain development.

Migration involves the sending out of a long projection of the plasma membrane
as a fine tube. Then, the bulk of the cytoplasm, with nucleus (the cell body),
travels by the action of contractile actin filaments. The direction of movement of
a neuron may be guided by an extension of a glial cell.
Cells orientate themselves by means of cell adhesion molecules, located on the
cell surface. Cell–cell adhesions are crucial in regulating neuron migration and
maintenance of structural plasticity (see below).

■■ Axon growth
An immature neuron consists of a cell body containing cytoplasm and the
nucleus. As part of the growth process:
n

long narrow outgrowths occur from the cell body, called axons – one from
each neuron

n

each axon may be quite short, but many are long and, in the human body, the
longest may be a metre in length

Key definition
Axon – carries impulses to other
cells – either to other neurons
or to body cells (muscle cells or
gland cells).
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n

much shorter outgrowths, called dendrites, also form. These will have the
eventual role of bringing impulses into the neuron.

The pattern of ‘wiring’ generated during embryogenesis is this brought about using
chemical signals:
n

At the tip of the growing axon (or dendron) is a region called the growth
cone – a highly motile structure (Figure 12.2). Here filipodia radiate out.

n

Filipodia are bound by membranes that contain receptors which respond to
axon-guidance signals.

n

Molecular guidance clues are presented by the surrounding environment.
The clues consist of contacts with surrounding structures that either attract
or repel, and of diffusible molecules (some from long-range sources) that either
chemo-attract or chemo-repulse the growth cone.

n

Signalling molecules bind to specific receptors, so that growth cones are
sensitive ‘readers’ of chemical gradients – sending out more or fewer filopodia
in the direction accordingly.

n

The growing axon tip responds by altering its internal cytoskeleton and the
direction of growth.

As the axon’s growth cones navigate to specific synaptic targets, it lays down
an extending axon whilst detecting molecular guidance clues presented by
surrounding cells.

Expert tip
On completion of this initial phase,
each of over a trillion neurons will have
made connection with, on average,
over a thousand other nerve cells.

Key fact
An axon grows from each
immature neuron in response to
chemical stimuli.

1 immature neuron
growth cone

chemical signals from
intermediate targets that
attract and direct axon growth

dendrites

2 axon growth in response to chemical signal
finger-like action
filaments (filopodia)
3 growth cone enlarged

internal cytoskeleton
in control of axon
growth as guided
by filopodia

axon length of
several centimetres
4 axon has navigated its path to its target cell

dense, web-like network
of action fibres (lamellipodia)

intermediate target cells – source of
chemical signals that give direction
to axon growth
cell – structure that
repels axon growth

guidepost cells at
short distances –
maintain signal
intensities

synapse formed with target
cell (see Figure 12.4)

Figure 12.2 Axon growth in response to signals from its environment
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■■ Formation of the nervous system
As the neural tube forms, cells on each side form the neural crest (Figure 12.3).
Later, neural crest cells migrate to various parts of the embryo and give rise to a
variety of tissues, including the peripheral nervous system (PNS). As the PNS
forms, axons grow from the neural tube (the developing central nervous system)
and link the two systems. The PNS connects the central nervous system (CNS) to
the limbs and organ systems of the body.
Specialized nerve cells (neurons) are organized into central
nervous system and peripheral nerves linking sense organs,
muscles, and glands with the brain or spinal cord.
brain

spinal cord

Key fact
Some axons extend beyond the
neural tube to reach other parts of
the body.

Origin of neural crest cells:
neural plate

central nervous system
(CNS – formed from
a
the neural tube)

notochord
neural crest cells

b
nerves – peripheral
nervous system
(PNS – formed from
neural crest cells)

Neural crest cells migrate away from
c
the neural tube and form various body
tissues, including the nerves that serve
the rest of the body and connect
with the CNS

Figure 12.3 The peripheral nervous system and its origins

Plasticity of the nervous system
The basic organization of the central nervous system is established in
embryonic development. In this process, neurons, axons, and synapses are
formed in excess, but their numbers and their interconnections are subject
to change and, eventually, to pruning. Many areas of the adult brain have
significantly fewer neurons than the same region in an infant brain.
The ability of the nervous system to change is known as plasticity. Changes in the
nervous system occur by:
n

growth of axons and dendrites

n

formation of new synapses

n

elimination of synapses

n

pruning of dendrites and axons

n

pruning of whole neurons.

Key definition
Synapse – the connection between
two nerve cells; functionally a tiny
gap, the synaptic cleft, traversed by
transmitter substances.

The driving forces for change in the nervous system arise from the experience the
individual has and the uses that are made of the neurons.
n

Memories and reasoning play an important role.

n

As a result of experiences, the growth of an axon or dendrite establishes
contact with other cells.

n

Synapses are formed (Figure 12.4).
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1

2 two synaptic connections
with cell body

approaching axon of
neighbouring neuron

cell body
with nucleus

heavy impulse
‘traffic’

axon with
myelin sheath

approaching
axon of
neighbouring
neuron

limited
impulse
‘traffic’

3
developing dendrites (surfaces
for additional synaptic connections
to be made)

single synaptic
connection
high level of impulse activity has
led to establishment of additional
axon terminal with cell body

lack of impulse activity has led
to loss of synaptic connections

Figure 12.4 The development of synaptic connections

Key fact
A developing neuron forms
multiple synapses.

Much of the remodelling of the nervous system occurs at synapses.
12_06 Biology for the IB Diploma Second edition
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A developing
neuron forms multiple synapses.

n

Where an axon makes synaptic contact and impulses arrive as a result, the
‘connection’ is strengthened.

n

Strengthening may be at the expense of neighbouring neurons and their
synaptic connections, if they are not similarly stimulated.

Synapses that are not used do not persist – a process known as synaptic pruning.
n

Synaptic pruning is also a significant component of adolescence in humans,
and that the process continues into adulthood.

n

Some of the changes are due to injury and repair (see below).

Remodelling also occurs by neural pruning.
n

Of the initial complement of neurons formed in the developing central
nervous system, large numbers eventually die.

n

Neurons are produced in excess, but those which, although innervated,
are not yet in receipt of stimulation by neurotransmitters at their synaptic
connections with axons, are progressively lost.

n

Cell elimination is by natural cell death (apoptosis) – a process encoded in the
genome.

n

In PCD all parts of a cell are packaged in membrane and engulfed by
surrounding cells.

n

PCD is a continuous process that takes out all superfluous, infected and
damaged cells. It is a key part of tissue and organ development.

APPLICATIONS

Events such as strokes may promote
reorganization of brain function

Key definition
Neurotransmitter – chemical
released at the pre-synaptic
membrane of an axon, on arrival
of an action potential, which
transmits the action potential
across the synapse.

Key facts
• Synapses that are not used do

not persist.
• Neural pruning involves the
loss of unused neurons.
• The plasticity of the nervous
system allows it to change with
experience.

A stroke is an interruption in the normal blood supply to the brain. Because of
their very high rate of metabolism, brain cells require an uninterrupted supply of
oxygen and nutrients.

Expert tip

The brain depends on its vast capillary networks for oxygen and the removal of
carbon dioxide. Any interruption in blood supply, however temporary, leads to
some degree of neural death (a stroke).

Neurons have no reserves of
glycogen, unlike other body cells, and
so need a constant supply of glucose.
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Strokes are likely to lead to compromised brain function. In these cases, some
‘repair’ of function may be achieved:
n

Nearby healthy areas of the brain can take over from damaged areas.

n

While some connections have been destroyed, others may be established and
the addition of neurons may also occur.

Large strokes, where significant areas of brain tissue are deprived, are typically
more life changing. They are sometimes fatal.
■ QUICK CHECK QUESTIONS
1

Identify the potential
a

advantages and

b drawbacks
of using animal models in biological research.
2

Evaluate how appropriate Xenopus is as an animal model in the study of human embryology.

3

Draw an annotated diagram of the embryonic tissues in Xenopus during neurulation.

4

Suggest why the process of programmed cell death is essential in the early growth of a multicellular organism.

12.2 The human brain
Essential idea: The parts of the brain specialize in different functions.

Structure of the human brain
The vertebrate brain develops in the embryo from the anterior end of the neural tube.
n

This part of the tube enlarges during embryological development to form three
primary structures, known as the forebrain, midbrain and hindbrain.

n

The various parts of the mature brain develop from these by selective
thickening and folding of their walls and the roof (Figure 12.5).
forebrain

Key fact
The anterior part of the neural
tube expands to form the brain.

hindbrain
cerebral
hemispheres

midbrain

remainder of
tube forms
the spinal cord
fluid-filled space
(ventricles)

hypothalamus
cerebellum
cranium

pituitary gland

space filled with fluid
medulla

membranes
(meninges)
fluid-filled space
(ventricles)
Note: meningitis is an illness in
which the meninges become
infected and inflamed, either
owing to a virus, or to a
bacterium (the more dangerous).

choroid plexus – cerebrospinal
fluid formed here, and circulated
in the brain (in ventricles) and
around the brain in the cranium

Figure 12.5 The human brain
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Within the brain, tasks and
roles are localized
The human brain controls body functions (apart from those functions under the
control of simple spinal reflexes) by:
n

receiving impulses from sensory receptors

n

integrating and correlating incoming information in association centres

n

sending impulses to effector organs (muscles and glands), causing bodily responses

n

storing information and building up an accessible memory bank

n

initiating impulses from its own self-contained activities – the brain is also
the seat of personality and emotions, and enables us to imagine, create, plan,
calculate, predict, and abstractly reason.

Expert tip
You need to be able to identify
parts of the brain in a photograph,
diagram or scan of the brain.
The image should include the
medulla oblongata, cerebellum,
hypothalamus, pituitary gland, and
cerebral hemispheres.

■■ The roles of different parts of the brain
■■ The hypothalamus
n The hypothalamus is part of the floor of the forebrain, and is the main
controlling link between nervous and endocrine (hormone) systems.
n

It is concerned with the maintenance of a constant internal environment
(homeostasis). For example, it is here that body temperature and the levels of
sugars, amino acids and ions in the blood are monitored and controlled.

n

Hormone levels in the blood are monitored.
The hypothalamus is attached to the pituitary gland (the master hormoneproducing gland) and they work together in controlling the release of most
hormones.
From the anterior lobe of the pituitary gland are released many hormones
that regulate different body functions, and from the posterior lobe of the
pituitary are released two hormones that are actually produced by the
hypothalamus (Figure 15.33, page 186).

■■ The cerebral hemispheres
The cerebral hemispheres are an extension of the forebrain and form the bulk
of the human brain.

n

n

They consist of densely packed nerve cells (‘grey matter’) and myelinated nerve
fibres (‘white matter’).

n

The majority of relay neurons and supporting cells (neuroglia cells) occur in
the cerebral hemispheres, where each relay neuron is in synaptic contact with
about a thousand other neurons. In mammals, memory, complex behaviour
and body controls are linked to this development.

n

They are an integrating centre of memory, learning, emotions and other
complex functions.

Key fact
The ratio of the size of the
cerebral hemispheres to the size of
the whole nervous system is larger
in humans than in any other
mammal.

■■ The cerebellum
n

The cerebellum is part of the hindbrain,

n

Involuntary muscle movements of posture and balance are controlled.

n

All precise, voluntary manipulations involved in hand movements, speech,
and writing are coordinated (rather than initiated).

APPLICATIONS

■■ The medulla oblongata
n The medulla oblongata is the base of the hindbrain.
n

It houses the regulatory centres concerned with heart rate, ventilation of the
lungs (breathing), blood pressure, swallowing, digesting, and vomiting.

Expert tip
The medulla oblongata can also be
simply referred to as the medulla.
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APPLICATIONS

How is brain function investigated?
n

Lesions:
By investigating brain-damaged patients, it has been possible to correlate
precisely specific areas of the brain with the performance of particular
functions.
The site of control of various facilities has been located. For example, the
initial discovery of the role in sight of the visual cortex (Figure 12.13,
page 17) came from the experiences of soldiers surviving bullet wounds in
the rear of the skull.

n

Autopsy:
Cerebrovascular accidents (strokes, pages 5–6 above) are relatively
common events, particularly in older people.
The outcome of strokes may be paralysis in a part of the body, or loss of a
specific sensation or facility.
In subsequent post-mortem investigation (an autopsy), it has been possible
to discover the particular area of the brain affected.

n

Animal experiments:
These have involved mammals and other vertebrates and the removal
of parts of a healthy brain, or the severing of connections within the
brain.
Resulting altered behaviour has provided insights into the roles of parts of
the brain. For example, severing of the fibres that cross over in the centre
of the brain below the two halves of the cerebral hemispheres gave clues to
the interaction of left and right halves of the brain.
Many such approaches, using animals, would be unacceptable today (and
unnecessary – see below); as a society we are reluctant to sanction nonessential surgery that may cause pain.

n

Functional magnetic resonance imaging (fMRI):
fMRI is an advanced form of magnetic resonance imaging (MRI) that
detects the parts of the brain which are active when the body performs
particular tasks.
Brain cells require energy and a good supply of oxygen at all times but, during
periods of intense activity, the demand for these resources increases locally.
The scanner can detect an increase in red blood cell oxygenation at the
site of special neural activity; the technique for this is known as blood
oxygen level dependent (BOLD) contrast.
The increase in blood flow to the most active areas is detected due to the
difference between signals arising from hydrogen nuclei in water molecules
in the neighbourhoods of (a) oxyhemoglobin and (b) deoxyhemoglobin.
When the concentration of oxyhemoglobin increases, the fMRI signal
rises.

Expert tip
MRI uses a strong magnet to
produce detailed images. It works
by measuring the way the vast
number of hydrogen atoms present
in the body absorbs and then
emits electromagnetic energy. In
the process of a scan, a pulse of
radio waves is applied, sufficient
to cause the hydrogen nuclei to
change orientation. When the pulse
is switched off, the nuclei revert to
their original orientation and each
nucleus gives off energy (at radio
frequencies). From this signal, the
scanner can work out the location of
each nucleus.

Figure 12.6 shows a scanner in use with a volunteer who is undertaking particular
tasks. The data obtained from scans are transformed into three-dimensional
images that record the regions of the brain which are most active. The bright
parts of the image are those that are particularly activated. It can be seen that
particular parts of the cerebral hemispheres show increased activity of red blood
cells, confirming the roles of these areas. This new brain mapping technique
permits us to work out the spatial organization of human brain function, down to
a sub-millimetre level.
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subject undergoing a series of brain
scans while occupied on particular
tasks – the regions of the cerebral
hemispheres that are momentarily the
sites of special neural activity are observed
and recorded via the computer screen

fMRI images of volunteer undertaking a specific thinking
task – scans of the brain show the right and left hemispheres
(side views) and the brain from the midline, looking at left
hemisphere (upper) and right hemisphere (lower image)

Figure 12.6 An advanced fMRI scanner in use

The autonomic nervous system

Key definition

The peripheral nervous system (PNS – see Figure 12.3) contains the autonomic
nervous system (ANS).
n

The ANS controls activities and structures inside the body that are mostly
under unconscious (involuntary) control.

n

In the ANS, nerve fibres emerge from the brain and spinal cord, and pass to
specific tissues, organs and glands. The fibres are those of motor neurons and
they pass either directly from the CNS or from ganglia that are linked to the
CNS. Ganglia contain synapses.

n

ANS fibres serve the smooth muscle (involuntary muscle, not the striped
muscles of the skeleton) of the internal organs and the various glands.

n

The ANS is coordinated by unconscious regions of the brain, known as the
brain stem.

n

Some of its activities are regulated by conscious areas of the brain, for example,
control over the sphincter muscles of the bladder and anus.

Brain stem – a region of the brain
that connects the cerebellum with
the spinal cord, including the
medulla.

Key fact
The autonomic nervous system
controls involuntary processes in
the body using centres located
mainly in the brain stem.

The ANS is divided into two parts:
n

the sympathetic nervous system

n

the parasympathetic nervous system.

Sympathetic system

Parasympathetic system

more active in times of stress to produce the ‘flight or when active
fight’ responses

in conservation of energy and the replacement of body
reserves

neurotransmitter

at synapses with effectors, neurons release acetyl choline

accelerates heart rate

effect on heart

slows down heart

causes widening (dilation) of the pupils

effect on iris

causes narrowing (constriction) of the pupils

constricts blood flow to arterioles

effect on gut

maintains normal blood flow to arterioles

at synapses with effectors, neurons release
noradrenaline
Some of the responses of the two systems

Table 12.1 The working of the autonomic nervous system
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The human cerebral hemispheres,
and the cerebral cortex
n

The cerebral hemispheres make up a larger proportion of the brain and are
more highly developed in humans than in other animals.

n

Each hemisphere is divided into four lobes, each lobe being named after the
bone of the cranium that covers it (Figure 12.7).

n

Each hemisphere has a vastly extended surface, achieved by folding with deep
grooves.

n

The surface, known as the cerebral cortex, is covered by grey matter and is
densely packed with non-myelinated neurons. These cells have a mass of
dendrites and an almost unimaginable number of synaptic connections.

The human cerebral cortex has become enlarged, principally by an increase in
total area, with extensive folding to accommodate it within the confines of the
bony cranium.
Below the cerebral cortex, the bulk of the cerebral hemispheres consists of white
matter. This comprises myelinated neurons that connect the cerebral cortex with
the midbrain, hindbrain, and spinal cord.

central fissure
lateral fissure

parietal lobe

anterior

Key fact
The cerebral hemispheres are
responsible for higher order
functions.

Key fact
The human cerebral cortex has
become enlarged principally by
an increase in total area with
extensive folding to accommodate
it within the cranium.

in section
non-myelinated pyramidal neurons make
up the grey matter of the cerebral cortex
cerebral
cortex

posterior
occipital lobe

frontal lobe
temporal lobe

cerebellum

the surface area of the cerebral hemisphere is
increased by numerous infoldings (convolutions)

hypothalamus

each cerebral hemisphere is divided into
four lobes

Figure 12.7 The cerebral hemispheres in humans

The cerebral hemispheres are responsible for higher-order functions (Table 12.2).
Left cerebral hemisphere

Right cerebral hemisphere

receives sensory inputs from sensory receptors

receives sensory inputs from sensory
receptors in the left side of the body and
the left side of the visual field in both
eyes

in theBiology
right side
of IB
theDiploma
body and
the right
side
12_11
for the
Second
edition
Barking
Artfield in both eyes
of theDog
visual
controls muscle contraction in the right side of
the body

controls muscle contraction in the left
side of the body

Table 12.2 Inputs and control duties in the cerebral hemispheres

Mapping the functions of the brain
NATURE OF SCIENCE
Use models as representations of the real world – the sensory homunculus and
motor homunculus are models of the relative space human body parts occupy on
the somatosensory cortex and the motor cortex.
The areas of the cortex with special sensory and motor functions have been
mapped out (Figure 12.8).

Key fact
The left cerebral hemisphere
receives sensory input from sensory
receptors in the right side of the
body and the right side of the
visual field in both eyes and vice
versa for the right hemisphere.

Key fact
The left cerebral hemisphere
controls muscle contraction in
the right side of the body and vice
versa for the right hemisphere.
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motor cortex

sensory-somatic

visual
cortex

in section, showing the localization of
functions: the homunculus (a modified
diagram of a human body) indicates the
relative extents of the cortical areas
controlling the different parts of the body
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Figure 12.8 Location of function in the cerebral hemispheres

In Figure 12.8, outside the cerebral cortex is a distorted representation of the body
is a model of the role of the different
areas of the brain.

12_12 Biology for the IB Diploma Second edition
– called
‘homunculus’. The homunculus
Barking
Dog aArt

n

A sensory homunculus and the motor homunculus are shown.

n

These diagrams of the human body are size-adjusted to indicate the relative
extents of the cortical areas controlling the different parts of the body.

n

More cortex is given over to the motor than the sensory function of hands, but
the sensory area associated with lips is greater than the motor area.

APPLICATIONS

Visual cortex, Broca’s area,
nucleus accumbens as areas of the
brain with specific functions
‘Language’ is controlled by parts of the cerebral hemispheres of one side of the
brain only, the left side (in most right-handers). Language is based on process
occurring mainly in Broca’s area and Wernicke’s area (Figures 12.8 and 12.9).
n

Words are comprehended by Wernicke’s area and articulated by Broca’s area.

n

A thick band of nerve fibres connects Wernicke’s area and Broca’s area.

n

An association area behind Wernicke’s area is where information from sight,
sound and body sensation come together.
Biology for the IB Diploma Study and Revision Guide © Andrew Davis and C. J. Clegg 2017
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n

The application of fMRI brain scanning has established that listening to words
involves all three of these parts of the brain, whereas in the pronunciation of
words it is Broca’s area that is most active. Merely seeing words activates another
part of the brain altogether, known as the visual cortex,
left hemisphere
nerve fibres linking
Broca’s and Wernicke’s areas
(much thicker than in other primates)
‘territory’ where information
from sound, sight, and body
sensation come together

additional areas activated
(in both right and left
hemispheres) in bilingual
people when switching
language

Broca’s area
– roles:
• moves mouth to form words
by tongue and lips
• concerned with aspects of
word meaning and complex
grammatical constructions

Wernicke’s area
– roles:
• heard and seen words are understood here
• words selected for articulation and
production of words that are meaningful

Figure 12.9 Locating ‘language’ areas in the brain

Within the cerebral cortex, there are association areas that interpret, integrate,
and store information.

12_13 Biology for the IB Diploma Second edition
Barking
Dog visual
Art
n The
cortex is located at the

n

rear of the brain.

The functions of the bulk of the front part of the cerebral cortex are concerned
with personality, imagination, and intelligence. For example, the nucleus
accumbens are areas of the basal forebrain in both hemispheres that have
important roles in pleasure, including laughter, reward, and reinforced learning.

Brain metabolism
The human brain makes up about 2% of the body mass, but consumes about
20–25% of the body’s basal energy consumption.
n

This energy is transferred by the aerobic respiration of respiratory substrates,
mainly glucose

n

Energy is used to maintain the membrane potential of neurons for nerve
impulse transmission (Topic 6, page 184).

n

The rate of energy consumption in the brain varies little with time.

n

Cells of the brain carry no reserves of glycogen in the way of other body cells do.

n

A reduction in oxygen supply to the brain cells lowers their rate of cell metabolism.
Depriving neurons of oxygen and glucose quickly leads to their cell death.

Expert tip
Although specific functions can be
attributed to certain areas, brain
imagery shows that some activities
are spread in many areas and that
the brain can even reorganize itself
following a disturbance such as a
stroke.

Key fact
Brain metabolism requires large
energy inputs.

Expert tip
Rate of energy consumption in the
human brain contrasts with that of
most other vertebrates, where only
2–8% of basal metabolism is devoted
to brain activity and maintenance.

APPLICATIONS

Use of the pupil reflex to
evaluate brain damage
Controlling the amount of light entering the eye is critical.
n

If too little light reaches the retina, the cones may not be stimulated
sufficiently for effective vision.

n

With too much light, the cells of the retina may be over-stimulated or even damaged.
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The muscles of the iris regulate pupil size precisely:
n

Circular muscle fibres, controlled by the parasympathetic nervous system,
when contracted reduce the size of the pupil and, therefore, the amount of
light reaching the retina.

n

The radial muscle fibres, controlled by the sympathetic nervous system,
contract to increase pupil size.

The pupil’s reflex can be used by doctors to test brain function:
n

A light is shone into each eye.

n

Delay in pupil constriction may mean there is damage to the medulla oblongata.

This response may be used to evaluate brain death. Brain death is absence of all
brain functions, resulting in no purposeful movement or response to any stimulus.
Pupils remain in the mid position, and do not react to light.
■ QUICK CHECK QUESTIONS
1

Explain why death is immediate if brain and spinal cord are severed below
the medulla.

2

Sketch the outline of the regions of the brain (viewed in the mid-line
section) and label the medulla oblongata, cerebellum, hypothalamus,
pituitary gland, and cerebral hemispheres.

Figure 12.10 Scan of the human brain in the mid-line
3

Where are the activities of swallowing, breathing, and heart rate coordinated?

4

In Table 12.3 are listed data on brain weight and body weight in selected
vertebrates. Plot a graph to demonstrate whether the data show a positive
correlation between these parameters. Identify any exceptions to the
correlation and suggest an explanation as to why these data vary.
Brain weight

Body weight

human

1400 g

62 000 g

baboon

140 g

30 000 g

monkey

100 g

7000 g

camel

680 g

529 000 g

cat

30 g

3 300 g

raccoon

39 g

4 290 g

rabbit

12 g

2 500 g

squirrel

6g

900 g

frog

0.1 g

18 g

http://serendip.brynmawr.edu/bb/kinser/Size1.html
Table 12.3 Data on brain weight and body weight in selected
vertebrates
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12.3 Perception of stimuli
Essential idea: Living organisms are able to detect changes in the environment.

The role of receptors

Key definition

Sensitivity is the ability to detect change and to respond. Changes that are
detected and lead to a response are called stimuli (singular, stimulus).
Receptors detect stimuli and respond by producing an action potential (Topic 6,
page 184). There are many different receptor cells:
n

Some are sensitive nerve endings, such as the pressure receptors found below
the skin and at joints in the body.

n

Other receptors consist of an individual cell or small groups of cells.

n

Others are contained within a complex supporting organ (sense organ), like
the eye.

A receptor transfers the energy of a particular type of stimulus into the
electrochemical energy of an action potential (impulse), which is then conducted
to other parts of the nervous system. The stimulus that the receptor responds to is
always some form of energy: mechanical, chemical, thermal, or light.
This section examines receptors that detect light and sound stimuli. Other
receptors, located in the nose, detect chemicals in the air – these are called
olfactory receptors.

The human eye and the sense of sight

Stimulus – a change in the
environment (internal or external)
that is detected by a receptor and
elicits a response.

Key fact
Receptors detect changes in the
environment.

Key fact
Human sensory receptors
include mechanoreceptors,
chemoreceptors, thermoreceptors,
and photoreceptors.

■■ Eye structure
Expert tip
rectus muscle
sclera
choroid
retina

iris
conjunctiva
lens
aqueous
humour
cornea
suspensory
ligament

vitreous humour

You need to be able to label a diagram
of the structure of the human eye. The
following areas should be identified:
sclera, cornea, conjunctiva, eyelid,
choroids, aqueous humour, pupil, lens,
vitreous humour, retina, fovea, optic
nerve, and blind spot.

fovea
(greatest
density of
photoreceptors)
optic nerve
ciliary body
blind spot

Figure 12.11 The human eye

■■ The working retina – rods and cones
The retina of the eye is sensitive to light in the visible range of the
electromagnetic spectrum (380–760 nm). The structure of the retina with its two
types of light-sensitive cell, the rods and cones, is shown in Figure 12.12.
n

Rods and cones are very elongated cells, with an outer part called the
outer segment consisting of flattened membranous vesicles in which
light-sensitive pigment is housed. The inner segment contains many
mitochondria.
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n

Rods are far more numerous than cones; the human retina contains about
120 million rods compared with 6 million cones.

n

Rods are distributed evenly throughout the retina, apart from at the fovea,
where they are absent.

Key facts

n

Cones are found all over the retina but are particularly concentrated at and
around the fovea, the area of most accurate vision. It is the fovea that we use
when we look directly at an object.

photoreceptors located in the
retina.
• Rods and cones differ in their
sensitivities to light intensities
and wavelengths.

• Rods and cones are

The retina is ‘inverted’ in that the light passes through the neurons synapsing
with the rod and cone cells before reaching the outer segments of rods or cones.

■■ Diagram of the retina
photomicrograph of a thin section of retina,
stained to show cellular structure

interpretive drawing of section of the retina
light rays

blind spot

ganglion
cell body
synapse

bipolar
neuron
synapse
rod cells

rod cell

inner segment

cone cell
inner segment
(supplies energy
and maintains
visual pigments)

outer segment
cone cells

outer segment
with photopigments
pigment cell
membranes of outer segment,
containing photosensitive pigments

fibres of optic nerve
(carry impulses to brain)

Figure 12.12 The structure of the retina
n

Rods and cones transduce light energy into an electrical impulse.

n

Bipolar cells send the impulses from rods and cones to ganglion cells.

n

Ganglion cells send messages to the brain via the optic nerve.

■■ The role of rod cells
The visual pigment housed in the rods is called rhodopsin.
n

The rhodopsin molecule is a combination of a protein (opsin) and a lightabsorbing compound derived from vitamin A, called retinal. (A diet deficient
in vitamin A causes night blindness.)

n

Light falling on the retina causes a reversible structural change in rhodopsin
(called bleaching).

Expert tip
You need to be able to annotate a
diagram of the retina to show the cell
types and the direction in which light
moves. A diagram of retina should
include rod and cone cells, bipolar
neurons, and ganglion cells.

This immediately affects the permeability of the cell surface of the outer
segment where rhodopsin is embedded and, hence, the pattern of ion
movements in the rod cell is changed.
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As a result, the secretion of a special transmitter substance by the rod cell
is altered and an action potential is generated in a neuron of the optic
nerve serving the rod cell. This action potential is transmitted to the visual
cortex of the brain.
n

Following bleaching, the rhodopsin molecule is rebuilt, using energy from ATP.

The action potentials from several rod cells are fed to a single neuron of the optic
nerve (via bipolar neurons – Figure 12.12).

■■ The role of cone cells
There are three types of cone cell present in the retina, each with a different form
of iodopsin. These absorb different wavelengths of light:
n

blue (short wavelength)

n

green (medium wavelength)

n

red (long wavelength).

White light stimulates all three types equally, but different colours are produced
by the relative degree of stimulation of the three types of cone. This is known as
trichromatic vision.
APPLICATIONS
Red–green colour-blindness (Topic 3, pages 97–98) is believed to be due to
partial function failure in two of the three types of cone – those receptive to red
and to green.

■■ Processing visual stimuli in the retina
There is an important difference between the arrangements of cones and rods in
the retina.
n

The action potentials from each individual cone cell are fed to a single neuron
of the optic nerve (via a singular bipolar neuron).

n

Many rod cells synapse with a single bipolar neuron. This condition is known
as convergence. This is shown in Figure 12.12.

Key facts
Rod cells:
• are all the same (unlike cone
cells which have three different
types)
• are light-sensitive cells that
respond to light of all visible
wavelengths, but at low light
intensities
• are principally used for dim
light and night vision.

Key facts
Cone cells allow animals
to distinguish colours. The
human eye does contain cones,
concentrated in the fovea where
light is most sharply focused.
Cone cells:
• operate on the same principle as
the rod cells, but with a different
pigment, called iodopsin (this
is less readily broken down; it
needs more light energy)
• work only in high light
intensities; colours cannot be
seen in dim light.

This difference has implications for resolution (visual acuity) – how much detail
can be seen.
n

Since cone cells synapse with a single bipolar neuron, which synapses with
a single ganglion cell, each part of an image is detected by a separate cell,
and there is no blurring of boundaries. With cones, there is a high degree of
resolution.

n

Since very many rod cells synapse with a single bipolar cell, parts of an image
falling on rod cells will be poorly resolved. Convergence gives poor resolution.
There is an advantage in this arrangement: visual sensitivity at low light
intensity increases with convergence, since information from many rods is
pooled to generate an action potential (summation).
Rod cells can therefore work at very low light intensities.

■■ Processing action potentials from the retina,

received in the brain
Action potentials generated in the rods and cones are carried by neurons of the
optic nerves to the visual cortex of the brain. While each eye views left and right
sides of the visual field, the brain receives and interprets action potentials from
the right and left visual fields on the opposite side of the visual cortex. This is
known as contralateral processing (Figure 12.13).

Key fact
The information from the right
field of vision from both eyes is
sent to the left part of the visual
cortex and vice versa.

The messages from interpretation of these action potentials are combined by the
brain to produce a single impression – sight. Seeing, therefore, occurs in the brain.
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pathways
of action
potentials
(impulses)

pathways
of stimuli

left
field

region of
‘sight’ in
the brain

visual
cortex

fields of vision

right
field
optic
nerve
optic
chiasma

Figure 12.13 The eyes and the visual cortex – the pathways of impulses

The human ear and the sense
of hearing and balance
■■ Ear structure
outer ear (pinna),
acts as a funnel, to
channel sound waves
towards the eardrum
(not drawn to scale)

inner ear
(fluid-filled)

ear ossicles of:
malleus
(hammer)
incus
(anvil)

semicircular canals
at 90° to each other
provide sense data
on movements
of head
semicircular canals
each with an ampulla
utriculus
sacculus

stapes
(stirrup)
auditory
nerve
cochlea

inner ear fluids:
perilymph
endolymph

eardrum
ear
canal

oval
window

round
window

Eustachian tube
(connects air-filled
middle ear to pharynx)

Figure 12.14 Structure of the human ear
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The ear performs two distinct and major sensory functions, those of hearing
and balance. There are three regions of the ear: the outer, middle, and inner
ear. Each region has a distinct role.

■■ How sound is perceived in the ear
The ear can be divided into three regions: the outer ear, the middle ear, and the
inner ear.
n

Expert tip
You need to be able to draw a
diagram of the ear to show and
identify: pinna, eardrums, bones of
the middle ear, oval window, round
window, semicircular canals, auditory
nerve, and cochlea.

The outer ear (pinna) consists of a flap of elastic cartilage covered by skin, and
a tube (ear canal) leading to the eardrum.
It acts as a funnel, channelling sound waves towards the eardrum.

n

The middle ear is an air-filled chamber, separated from the outer ear by the
eardrum and from the fluid-filled inner ear (see below) by the oval and round
windows.

n

The Eustachian tube connects the middle ear with the pharynx (back of the
throat), but is normally closed.
It opens briefly when swallowing.
When it is open, it ensures that the air pressure is equal on both sides of
the eardrum.

n

The eardrum is a thin, strong sheet of elastic connective tissue that vibrates in
response to sound wave pressure.

n

The bones of the middle ear are known as ossicles. They transmit vibrations
from eardrum to oval window. The ossicles form a lever system that amplifies
sound 20-fold, because the oval window has a smaller area than the eardrum.
There are three bones:

Expert tip
The smallest bones in the body
(ossicles) occur in the middle ear.

hammer (malleus)
anvil (incus)
stirrup (stapes).
n

The inner ear is a fluid-filled cavity of membranous canals, surrounded by
extremely hard bone.
It consists of the cochlea (concerned with transfer of sound waves to nerve
impulses) and the semicircular canals (concerned with balance).

The cochlea (Figure 12.15A) consists of a spirally coiled, fluid-filled tube,
which is divided longitudinally into three compartments, separated by
membranes.
n

The upper compartment is in contact with the oval window.

n

The lower compartment is in contact with the round window.

n

Between the two canals is the middle compartment.
This consists of the basilar membrane. Projecting into the canal is an
inflexible membrane, parallel with the basilar membrane and running the
full length of the cochlea.
Immediately beneath the inflexible membrane, the basilar membrane
supports the sensitive hair cells of the cochlea.
Sensory cells connect with the auditory nerve and they have
sensory hairs projecting upwards, making contact with the inflexible
membrane.

Vibrations from the eardrum enter the cochlea via the bones of the
middle ear.
n

Since liquid cannot be compressed, the vibrations cause movements in the
fluid of the inner ear (pressure waves) and are eventually transmitted to the
round window.
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n

Pressure waves cause the hair cells attached to the basilar membrane to rub or
pull against the inflexible membrane.

n

Resulting movements of the sensory hairs cause the production of an
action potential that is transmitted to the brain via a branch of the
auditory nerve.

n

In different regions along the cochlea, different wavelengths cause the basilar
membrane to vibrate (Figure 12.15B). In this way, different wavelengths are
detected.

A cochlea in situ and in cross-section
inflexible
membrane

fluid-filled
spaces

sensory
hair cells
B cochlea and hearing
bones of
middle ear
(lever system –
raising pressure
applied to oval
window)
eardrum

basilar
membrane

high-frequency vibrations
cause basilar membrane
to vibrate here
oval
window

branch of auditory nerve –
when sensory hair cells
in a particular region of the
cochlea are stimulated,
impulses are sent to the brain

low-frequency vibrations
cause basilar membrane
to vibrate here

vibrations transmitted in fluid
from oval window to round window
fluid-filled
spaces

sound
wave
pressure

round
window

basilar membrane
with sensory hair cells
in contact with
inflexible membrane

Figure 12.15 The cochlea and hearing

■■ How head movement is detected and aids ‘balance’
Three fluid-filled semicircular canals lie above and connected to the cochlea
n

Each semicircular canal has a swelling (an ampulla) that provides sense data
on head movements (Figure 12.16).

n

Below the semicircular canals are the utriculus and sacculus, which detect
changes in posture.

Inside each ampulla is a raised structure containing sensory hair cells. The hairs
are embedded in a gelatinous mass (cupula).

Key facts
• Structures in the middle ear

transmit and amplify sound.
• Sensory hairs of the cochlea
detect sounds of specific
wavelengths.
• Impulses caused by sound
perception are transmitted to
the brain via the auditory nerve.
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semicircular canals vertical
canals (respond maximally to
rotation in a vertical plane,
e.g. somersault)

ampullae of the
semicircular canals

horizontal canal (responds
maximally to rotation in a
horizontal plane,
e.g. pirouette)

orientation of
the three canals

utriculus
sacculus
cochlea

ampulla in section
capula

fluid
(endolymph)

direction of
head movement

direction of
head movement
internal pressure
of fluid

excitation
sensory
hair cells

nerve
to brain

inhibition

rotational movements of the head in any direction
exert mechanical strain (via the displacement of a
cupula) on the sensory nerve cells

Figure 12.16 The apparatus of the inner ear – balance and posture
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in one or more ampulla.

n

Sensory hairs are stimulated and impulses are sent to the brain.

n

Since the semicircular canals are perpendicular, movements in any plane can
be detected.

Key fact
Hair cells in the semicircular
canals detect movement of the
head.

APPLICATIONS

Deafness, hearing aids,
and cochlea implants
NATURE OF SCIENCE
Understanding of the underlying science is the basis for technological
developments – the discovery that electrical stimulation in the auditory system
can create a perception of sound resulted in the development of electrical hearing
aids and ultimately cochlear implants.
Cochlear implants consist of external and internal components.
n

Externally, a microphone is linked to a speech processor, which is connected
by a tiny cable to a transmitter.

n

The transmitter sends processed sound signals to an internal device by
electromagnetic induction.

n

In the bone beneath the skin, close to the ear, is a receiver and stimulator.
Here, signals from the transmitter are converted into electrical impulses and
these are sent through internal cables to electrodes that are implanted in the
cochlea.

n

The outcome is that impulses are sent to the brain via the auditory nerves.

Expert tip
Cochlear implants are most likely
to be successful in adults who are
born with normal hearing and
subsequently become progressively
deaf. This is because the neural
patterns, laid down in the brain as
language has been acquired, are
essential for speech perception.
However, the cochlea implant does
not cure deafness.
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APPLICATIONS

The sense of smell
Olfactory receptors, located in the nose, detect chemicals in the air. These
receptors allow for the sense of smell.
These cells are located in epithelial tissue in the upper nose. Chemicals that have
been evaporated in the air pass over these cells, either from the mouth or nasal
cavities. Projections from these cells (cilia) have receptors in their membrane
which detect the airborne chemicals.
■ QUICK CHECK QUESTIONS
1

Draw and label a diagram of the human eye.

2

Compare, by means of a table, the similarities and differences between rod
and cone cells of the retina.

3

a

What is meant by trichromatic vision?

b Explain the cause of red–green colour blindness.
4

Explain the role of olfactory receptors.

12.4 Innate and learnt
behaviour (AHL)
Essential idea: Behavioural patterns can be inherited or learnt.

What is ‘behaviour’?
The activities of animals enable them to survive, to seek out favourable
environments and to reproduce. Behaviour is based on feedback, using the control
and coordination machinery of the body (sense organs, nervous system and the
effector organs).
Behaviour is said to be either innate (instinctive, that is automatically triggered in
certain circumstances) or learnt. Learning occurs when experiences are retained
and used to modify behaviour on future occasions.

Key definitions
Behaviour – the way in which
organisms respond to the
environment and to other
members of the same species.
Innate behaviour – behaviour
that is inherited from parents and
so develops independently of the
environmental context. Innate
behaviour includes behaviour that
is due to a reflex action.
Learnt behaviour – behaviour
that develops as a result of
experience.

CASE STUDY
Orientation behaviour in woodlice
Orientation behaviour in woodlice is an example of innate behaviour.
■	 Orientation behaviour involves coordinated movements that occur in

response to an external stimulus.
■	 In woodlice, orientation behaviour favours their survival and

reproduction.
The environment provides conditions that are favourable to non-vertebrates such
as the woodlouse, but is also the source of threats and dangers. Such threats may
be both abiotic (such as excess heat, drought, and danger of desiccation) and biotic
(such as attack by predators).
■	 Orientation behaviour in non-vertebrate animals may improve the

individual’s chances of locating favourable conditions and remaining
there, avoiding dangers and thus improving the chance of survival and
reproduction.
■	 Woodlice cannot survive in dry conditions – orientation behaviour enables

them select habitats that are damp and dark. This affects their chances of
survival and reproduction.
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Expert tip
Woodlice belong to a class of the arthropod phylum. They are typically discovered
under logs and stones, in bark crevices, and among dead leaves and rotting plant
material. They live on land but have not fully adapted to terrestrial conditions:
their exoskeletons are not completely waterproof and almost all species of
woodlice are confined to damp or humid places. They are nocturnal.

Autonomic and involuntary responses
are referred to as reflexes
A reflex is a rapid, unconscious response.
The response of the body to a stimulus involves a receptor organ, neurons of the
nervous system and an effector organ, all arranged in a functional unit called a
reflex arc. In the reflex arc:
n

an impulse generated in a receptor is transmitted via neurons to the effector,
which brings about a response in the sequence:
stimulus
↓
receptor → sensory neuron → CNS → motor neuron → effector
↓
response

Key definitions
Reflex – immediate, automatic, involuntary (unconscious), and quick
responses that are short lived.
Response – the activity of a cell or organism in terms of movement,
hormone secretion, or enzyme production, as a result of a stimulus.
n

A response to a stimulus might be the movement of a muscle or the secretion
of enzymes in response to the presence of food in the gut.

The nervous system is built up from specialized cells called neurons. Three types
of neuron are involved in a reflex arc (Figures 12.17 and 12.18):
n

Sensory neurons: these have a single long nerve fibre, a dendron, which brings
impulses towards the cell body, and a single long axon, which carries impulses
away.

n

Relay neurons (also known as interneurons): these have numerous, short nerve
fibres.

n

Motor neurons: these have many fine dendrites which bring impulses towards
the cell body, and a single long nerve fibre called an axon which carries
impulses away from the cell body.

Expert tip
The axons of motor neurons and dendrons of sensory neurons are surrounded
by supporting cells called Schwann cells. Schwann cells wrap themselves around
these fibres, forming a protective structure called a myelin sheath (Figure 6.30,
page 183). Frequent gaps occur along the myelin sheath, between the individual
Schwann cells. The gaps are called nodes of Ranvier. The myelin sheath with its
gaps actually helps increase the speed at which impulses are conducted (Topic 6,
pages 183, 185–186.).
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motor neuron

interneuron (relay neuron)
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sensory neuron

dendrites
dendrites
dendr ons

cell body
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dendrites
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nucleus
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myelin sheath

cell body

node of Ranvier
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Figure 12.17 Neurons of the nervous system

■■ Receptor organs and effector organs
Associated with the neurons of the nervous system are the receptor organs and
effector organs.
n

Receptor organs are the sense organs that detect change. In a sense organ, a
stimulus in the form of energy (such as sound, light, or mechanical pressure) is
transferred into an action potential in the nerve fibre of the neuron that serves
the sense cell.

n

Effector organs are muscles and glands. On receipt of an action potential,
a muscle may contract and a gland may secrete. The outcome is the body’s
response to the stimulus.

■■ The reflex arc
Reflex arcs comprise the neurons that mediate the reflexes (Figures 12.18
and 12.19).
A reflex arc produces the same immediate, quick and involuntary response to
a particular stimulus (a reflex action). In humans, examples of a reflex action
include:
n

the jerking away of a hand from scalding hot water

n

the withdrawal of a limb from pain (Figure 12.19).

23
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sensory neuron

stimulus
e.g. mechanical
pressure
sense organ
e.g. pressure
receptor

effector organ
(e.g. muscle)

relay neuron
motor neuron

Figure 12.18 The layout of a reflex arc

APPLICATIONS
layout of nervous system

brain
spinal cord

central nervous
system (CNS)

peripheral nerves (PNS)
nerve fibres to all
parts of the body

to
brain

part of spinal cord
white matter
central canal

from
brain

cell body of
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ventral
root
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biceps (flexor muscle)
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heat
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motor
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Possibility of:
• sensory input to brain
(awareness, pain, memory)
• motor input from brain
(‘get hand under cold water’).

reflex action in response
to skin contact with a
very hot object

sensory receptor
in skin
(impulse generated here)

Figure 12.19 Reflex arc of the withdrawal of a limb from pain
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Within the nervous system are very many reflex arcs. Many neurons connect
reflex arcs with the control centre, the brain. Complex patterns of behaviour are
common in addition to many reflex actions. This is because:
n

impulses that originate in a reflex arc also travel to the brain

n

impulses may originate in the brain and be conducted to effector organs.

Consequently, much activity is initiated by the brain, rather than being a response to
external stimuli. Also, reflex actions may be over-ruled by the brain and the response
modified (e.g. it is possible not to drop an extremely hot object that is very valuable).
APPLICATIONS

Reflex conditioning
Reflex conditioning involves forming new associations. Russian experimental
physiologist Ivan Pavlov (1849–1936) first demonstrated reflex conditioning as
part of an investigation of digestion:
n

n

A hungry dog may salivate (saliva drips from the mouth) on sight or smell of
food. Pavlov studied this response under laboratory conditions that ensured
the dog received no unintended additional stimulus (Figure 12.20).
A second stimulus, not directly related to food or feeding, was then introduced.
The stimulus was the ringing of a bell.

Expert tip
You need to be able to draw and
label a diagram of a reflex arc for a
pain withdrawal reflex, in which you
show and label: the receptor cell,
sensory neuron, relay neuron, motor
neuron and effector.

Key facts
• Autonomic and involuntary

responses are referred to as
reflexes.
• Reflex arcs comprise the
neurons that mediate reflexes.

Key definition
Conditioning – a form of learning
associated with a reward (or
punishment).

Initially, the sound of the bell produced no response – the dog continued
to salivate only on sight or smell of food.
After several experiences of consistently hearing the ringing of a bell at
the same time as food was seen or smelt, the dog became conditioned to
salivate whenever the bell was rung, even without the food stimulus.

Key fact
Reflex conditioning involves
forming new associations.

Pavlov called the salivation at the sound of the bell a conditioned reflex.
In these experiments Pavlov devised this complex arrangement
so that the investigator was not present, and so that stimuli
presented to the dog were precisely controlled.

Experiments on animals
The idea of carrying out an experiment
that is expected to cause pain to an
animal is unacceptable to most
people. This revulsion has led to the
introduction of laws that attempt to
eliminate any unnecessary suffering.
Even so, some people believe that
no experimentation on animals can
ever be justified.
Pavlov’s experimental procedure
would not be acceptable to most
biologists today, but it is described
here in acknowledgement that much
of our understanding of human
physiology has been derived from
experiments on animals.
Are there any circumstances in
which you would accept a need to
experiment with animals in a way
that would cause them pain?

Figure 12.20 Pavlov’s 1902 experiment on conditioned reflexes

Learnt behaviour
Learning allows quick adaptations in changing circumstances; it is acquired by
experience and modified in the light of further experience.
n

Learning is based on experience, and so learnt behaviour is typically specific
to an individual, rather than being a characteristic of the whole species.

n

It depends on what happens to an organism as to what is learnt.

n

Various forms of learning behaviour are shown by animals (see below).

Key fact
Learnt behaviour develops as a
result of experience.
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■■ Imprinting
n

Imprinting is a form of learning that may occur in an early, very receptive life
stage in birds and mammals.

n

It was first demonstrated by Konrad Lorenz, working with greylag geese
(Figure 12.21).

n

The advantage of imprinting is the establishment of a bond with parents,
who go on to impart the essential skills for survival, including feeding and
communication.

n

It is entirely independent of the subsequent consequences, and whether they
are advantageous or not (as the act of bonding to a behavioural scientist,
rather than to the natural parents, demonstrates – Figure 12.21).

Key fact
Imprinting is learning occurring
at a particular life stage and is
independent of the consequences
of behaviour.

Konrad Lorenz (1903–1989) discovered imprinting – the establishment
of a more or less instantaneous bond (working relationship).
Lorenz’s
imprinting
experiment

egg laid by
greylag goose

divided into two batches

batch 1
incubated
by mother

batch 2
placed in an
incubator

first object
seen by
goslings on
hatching
was mother

first object
seen by
goslings on
hatching
was Lorenz

goslings
always
followed
mother

goslings
always
followed
Lorenz

Figure 12.21 Behaviour change at a particular life stage – imprinting greylag
geese
n

Orientation behaviour involves coordinated movements that occur in response
to an external stimulus.

n

In woodlice, orientation behaviour favours their survival and reproduction.

The environment provides conditions that are favourable to non-vertebrates such
as the woodlouse, but is also the source of threats and dangers. Such threats may
be both abiotic (such as excess heat, drought, and danger of desiccation) and
biotic (such as attack by predators).
n

Orientation behaviour in non-vertebrate animals may improve the individual’s
chances of locating favourable conditions and remaining there, avoiding
dangers and thus improving the chance of survival and reproduction.

n

Woodlice cannot survive in dry conditions – orientation behaviour enables
them select habitats that are damp and dark. This affects their chances of
survival and reproduction.

■■ Operant conditioning
n

Operant conditioning is the use of consequences to modify the occurrence
and form of behaviour.
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n

In this type of learning, behaviour is strengthened (so will happen more
frequently) when it is followed by reinforcement, and weakened when it is
followed by punishment.

n

An example is a trial-and-error ‘maze’ learning experiment (Figure 12.22).
A maze is a series of pathways with one or more points where the animal
has to choose which way to go.
A wrong choice leads to a blind end and no reward (= punishment).
The simplest type of maze has a Y or T pattern. The right choice ultimately
leads to a reward.
Mazes are mastered when an animal can consistently pass through without
making a wrong turn.

Key fact
Operant conditioning is a form of
learning that consists of trial and
error experiences.

Animals with a well-developed nervous system can quickly learn a quite
complex maze. For example, ants are found to learn a complex maze very
quickly, although not as quickly as rats.
ground plan of the maze
used with rats and ants
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20
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Figure 12.22 Trial-and-error learning investigated in a maze

Behaviour and learning
NATURE OF SCIENCE
Looking for patterns, trends and discrepancies – laboratory experiments and field
investigations helped in the understanding of different types of behaviour and learning.

Behaviour can be investigated using a range of laboratory and field investigation
(pages 25–29, this chapter). From this work, it can be seen that behaviour is the
internally coordinated responses that animals make (individually or in groups) to
internal and external signals.
Behaviour can be divided into:
n

reflexes

n

instinctive (inherited) behaviour

n

learnt behaviour.
Biology for the IB Diploma Study and Revision Guide © Andrew Davis and C. J. Clegg 2017
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However, in the natural world, the differences between innate and learnt
behaviour are not always so clear cut. Rather, many animals display a range of
behaviour, some with innate features and some which is learnt, in part at least. So,
‘learning’ and ‘memory’ are used to adapt behaviour.
n

Learning is defined as the acquisition of skills or knowledge.

n

Memory is the process of encoding, storing and accessing knowledge.

The connections between behaviour and learning are summarized in Figure 12.23.

Key fact
Learning is the acquisition of skill
or knowledge.

Key fact
Memory is the process of
encoding, storing and accessing
information.

Reflex action
e.g. involuntary response to
pain

When these aspects of behaviour
are investigated by laboratory
experiment, variables must be
rigorously controlled, investigations
repeated and results analysed
statistically. The conclusions are
then not mere opinion of a field
naturalist, based on chance
observations, for example.
However, in a laboratory, animals
rarely respond naturally, and
‘behaviour’ is really a response to
a natural environment.

Conditioned reflex
e.g. Pavlov’s dog’s response
to ‘bell’ stimulus

Imprinting
e.g. instant bond formation
– parent and young

Habituation
e.g. bird flock’s response to
repeated bird scaring

Orientation behaviour
e.g. coordination of feeding
activity with environment

Learning:
acquisition of skills
or knowledge

Memory:
encoding, storage
and accessing of
information

Operant conditioning
e.g. behaviour in response to
rewards

Insight learning
e.g. by reasoning

Figure 12.23 Aspects of learning that impact on behaviour

APPLICATIONS

The role of inheritance and learning
in the development of birdsong
In vertebrates very complex behaviour patterns are common. The development of
birdsong is one example.
Sounds are made by animals as a form of communication. These sounds give
information to members of the same species. Sounds may also attract predators
and so are highly specific and used in controlled circumstances.
Birds are one of many groups of animals that communicate using sound.
n

Birds are able to vary their song by altering the way air is expired, adjusting the
position of head and neck (which changes the shape of the trachea), and by
opening and closing the mouth.

n

Birds acquire their specific song through learning and experience.

n

In only a very few bird species do young birds never hear the song of their
parents as they are reared and become fledglings, e.g. the cuckoo:
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Young are reared by foster parents after the female cuckoo has planted her
egg in place of an egg of a host bird (a bird of an entirely different species).
The host incubates the cuckoo egg and later feeds and rears the resulting
cuckoo chick, in place of its own young.
The cuckoo’s song therefore must have a totally instinctive origin – it is
inherited.
n

In many bird species, only a basic song ‘template’ is inherited.
When these birds are very young, their song (described as subsong) is quieter
than that of adults of the same species, and is described as ‘unrefined’.
Young birds are reared by their vocal parents – the young bird’s song is
slowly changed with practice. These birds learn to sing the song their
parents perform (Figure 12.24).

Other bird species apart from the cuckoo instinctively acquire their song.
Scientists know this because, when these birds have been reared in total isolation,
their song as eventual adults is exactly that of others reared normally.

frequency/kHz

subsong – with ill-defined phrases and lack of tonal purity

5

0
0

1

time/s

2

frequency/kHz

full adult song – with regular phrases and with notes that are relatively pure and free of harmonics

5

0
0

1

time/s

2

Figure 12.24 Sonogram of the song of the canary (Serinus canaria)

■ QUICK CHECK QUESTIONS
Draw and label a diagram of a reflex arc for a
pain withdrawal reflex.

2

Explain why the withdrawal of the hand from a
painful stimulus is an example of a reflex.

3

Examine the pattern of orientation behaviour in
woodlice, illustrated by the graph in
Figure 12.25. Evaluate the extent to which the
data on woodlouse activity during the 24hour period directly favours the survival and
reproduction potential of the individual.

numbers of woodlice moving on the surface of the wall
on nine occasions spaced out between dusk and dawn (study
undertaken on a warm, humid night)
100
90

dark

light

80
numbers of woodlice

1

70
60
50
40
30
20
10
0
8.00
p.m.

10.00

12.00

2.00
a.m.

4.00

6.00
time

Figure 12.25 Orientation behaviour of woodlice
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12.5 Neuropharmacology (AHL)
Essential idea: Communication between neurons can be altered through the
manipulation of the release and reception of chemical messengers.

The roles of synapses in brain activity
n

The functional aspect: the function of an excitatory synapse is described in
Topic 6, pages 186–187.

Expert tip
Synaptic integration is the term used
to describe how neurons 'add up'
synaptic inputs from other neurons
before creating an action potential.

The incoming action potential excites the post-synaptic membrane
(Figure 12.26)
An action potential is generated that is transmitted along the post-synaptic
neuron.
Some synapses have the opposite effect and these are known as inhibitory
synapses (Figure 12.26).
n

Release of the transmitter into the synaptic cleft triggers the opening of ion
channels in the post-synaptic membrane through which chloride ions enter, or
channels through which potassium ions leave.

n

The interior of the post-synaptic neuron becomes more negative (it is
hyperpolarized).

n

It is more difficult for the post-synaptic cell to generate a nerve impulse in
response to excitation by other synapses (excitatory synapses) present on the
same post-synaptic cell.

Key fact
Some neurotransmitters excite nerve impulses in post-synaptic neurons;
others inhibit them. There are complex interactions between the activities
of excitatory and inhibitory pre-synaptic neurons at the synapses, operating
with unimaginably numerous connections between the vast numbers of
neurons present.

SEM of synaptic junctions with the cell
body of a post-synaptic neuron

excitory and inhibitory synapses

synapses

cell body of
post-synaptic neurone

axon
myelin sheath
(protective/insulatory)
incoming impulses
outgoing impulses
Key
excitatory synapse
7 µm

inhibitory synapse

Figure 12.26 Integration of multiple synaptic inputs
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Summation of excitatory and
inhibitory neurotransmitters
n

An action potential will only be generated in the post-synaptic neuron if the
combined effects of the excitatory action potentials and inhibitory action
potentials exceed the threshold level.

n

This additive effect of post-synaptic potentials is known as summation.

n

Summation contributes to the decision-making processes of the brain.

Key fact
Nerve impulses are initiated
or inhibited in post-synaptic
neurons as a result of summation
of all excitatory and inhibitory
neurotransmitters received from
pre-synaptic neurons.

There are two different forms of summation:
n

Temporal summation: several impulses arrive at the synapse in quick
succession from a single axon, causing an action potential in the postsynaptic neuron.

n

Spatial summation: impulses from several different axons may contribute to
the total.

■■ Modulation of transmission at synapses
Neurons communicate with each other through two mechanisms, referred to as
fast and slow synaptic transmission:
Fast-acting neurotransmitters may be excitatory in their effect on the post-synaptic
membrane of target cells (e.g. glutamate) or inhibitory in their effect (such as
gamma-aminobutyric acid).
n

They work directly by opening ligand-operated ion channels (Figure 6.33,
page 187).

n

Their effects on target cells occur within one millisecond.

With ion channels are opened, ions pass from high to low concentration. The
result is one of the following:
n

depolarization, if there is a net influx of positively charged ions (allowing
continuation of the nerve impulse)

n

hyperpolarization, if there is a net inward movement of negatively charged ions
(making it unlikely the nerve impulse will be transmitted).

Slow-acting neurotransmitters (typically amines and peptides) control the
efficiency of fast-acting neurotransmitters by regulating:
n

the production of neurotransmitter within the pre-synaptic terminals

n

the efficiency with which fast-acting neurotransmitters can produce their
effects on post-synaptic receptors.

Slow-acting neurotransmitters achieve their effects over periods lasting from
hundreds of milliseconds to minutes. This comprises a complicated sequence of
biochemical steps involving second messengers.

Key fact
Many different slow-acting
neurotransmitters modulate fast
synaptic transmission in the brain.

APPLICATIONS

Endorphins can act as painkillers
Pain arises from stimulation of specific receptors, either in internal organs or in
the skin.
n

Pain receptors are bare nerve endings of sensory neurons which, when
stimulated, generate impulses that are transmitted to the central nervous system.

n

The sensation of pain is perceived in the sensory areas of the cerebral cortex of
the brain (Figure 12.8).

Endorphins block the sensation of pain by binding to specific receptors in synapses
in the pain-perception pathway. Endorphins are also produced at times of physical or
emotional stress, and in addition to suppressing pain, they can cause euphoria.

Key definition
Endorphin – a peptide that is a
natural painkiller, produced in the
pituitary gland.
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Memory and learning involve
changes in neurons
Memory involves the number, as well as the functioning, of synapses.
n

Both learning and memory involve neuron-to-neuron synapses.

n

Current knowledge of events at synapses enables neurobiologists to contribute
to studies in learning and memory.

n

Alterations in connectivity among repeatedly activated neurons may persist for
a long time and play a key part.

Key definition
Memory – the ability to record
sensory stimuli, events, and
information.

Neurotransmitters with prolonged diffusion times and duration of action, acting
on very many neurons in a network, are thought to have a role in memory.
n

Slow-acting neurotransmitters trigger the release of secondary messengers
inside the post-synaptic neuron.

n

Secondary messengers promote synaptic transmission
by increasing the number of receptors in the post-synaptic membrane
by increasing the rate of ion movements following the binding of a
neurotransmitter.

n

Secondary messengers persist for more than 24 hours, prolonging their impact
and contributing to synaptic plasticity and change. Retrieval of memory might
involve reactivation of these pathways.

Another feature of memory is the growth of dendrites from the cell body of
neurons in response to experiences, on which new and additional synapses are
then established. Here, the actions of slow-acting neurotransmitters may modulate
synaptic transmission, producing new and different outputs.
The inner part of the temporal lobe of the cerebral hemispheres, near the
divide between left and right hemispheres, is especially associated with our
facility for ‘memory’ (Figure 12.9). Inside this lobe are regions that include the
hippocampus:
n

These regions are essential for memory function.

n

The learning of new skills has been linked to the formation of new synapses in
the hippocampus and elsewhere.

Key fact
Memory and learning involve
changes in neurons caused by slowacting neurotransmitters.

The brain and psychoactive drugs
Psychoactive drugs affect the synapses in the brain, and may profoundly affect
their performance.
There are different types of drugs:
n

Stimulants: amplify the processes of synaptic transmission, increasing postsynaptic transmission, e.g. nicotine and atropine.

n

Depressants: inhibit the processes of synaptic transmission, decreasing
synaptic transmission, e.g. amphetamines and -blocker drugs (Figure 12.27).

n

Sedatives: can work in two different ways:

Key definition
Psychoactive drug – a drug that
affects the mind.

Expert tip
Examples of stimulants are cocaine,
amphetamines, and nicotine.

increase transmission of the inhibitory neurotransmitter gammaaminobutyric acid (GABA), e.g. benzodiazepines

Expert tip

bind to NMDA receptors (a post-synaptic membrane receptor that
normally responds to glutamate), blocking them (alcohol works in
this way).

Examples of sedatives are
benzodiazepines, alcohol, or
tetrahydrocannabinol (THC).
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synapse structures penetrated by drugs

transmitter substance
reabsorption of used
transmitter substance

entry of drug
receptor on post-synaptic
membrane

selected ion diffusion
permitted

post-synaptic neuron

examples of drugs that increase
post-synaptic transmission
acetylcholine
receptors
nicotine

examples of drugs that decrease
post-synaptic transmission

noradrenaline
receptors

cocaine
prevents removal of
transmitter substance

acetylcholine
receptors

noradrenaline
receptors

atropine
β-blocker drug
blocks receptor
sites

amphetamines

Figure 12.27 Drugs may increase or decrease synaptic transmission

Excitatory drugs

Inhibitory drugs

Nicotine

Benzodiazepines

l
l

l

fits acetylcholine receptor on post-synaptic membranes

l

not broken down by the enzyme that inactivates acetylcholine –
prolonging the effects

l

exert an extra (often excessive) inhibitory effect

obtained from plant Nicotiana tabacum

l

synthesized artificially

Amphetamines
l

Ethanol (alcohol)

cause increased release of synapse transmitter substance
noradrenaline, leading to enhanced activation of post-synaptic
neurons in the brain

l

a high state of mental arousal may result

l

synthesized artificially

Cocaine
l

l

enhance effects of the natural brain synapse transmitter known
as GABA – slowing brain action

l

l

while initially a stimulant, as the level of blood alcohol rises it
has a sedative effect – slowing activity of neurons, and acting
on the brain as an anesthetic
obtained by action of yeast on sugar solution

THC in cannabis

prevents removal of noradrenaline from receptors on the postsynaptic membrane, resulting in the continuous transmission of
action potentials in the post-synaptic neuron
obtained from the plant Erythroxylum coca

l

crosses the blood–brain barrier and binds to particular receptors
in the cerebellum and parts of the cerebral cortex

l

slows or prevents movement, and impairs reasoning powers

l

obtained from leaves of Cannabis sativa

Table 12.4 Examples of excitatory and inhibitory psychoactive drugs
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The human brain has a central role in the storage of information, in maintenance
of a memory bank, in enabling imagination, creativity, planning, calculation, and
prediction, and is the seat of abstract reasoning powers. For all of these reasons, the
use of psychoactive drugs can have a profound effect on behaviour and personality.

Key fact
Psychoactive drugs affect the brain
by either increasing or decreasing
post-synaptic transmission.

■■ The effect of ecstasy
The recreational drug ‘ecstasy’ (MDMA) increases the activity of specific
neurotransmitters in the brain – particularly serotonin and dopamine. These
neurotransmitters are released from neurosecretory neurons.
n

Serotonin is a neurotransmitter found in regions of the brain concerned with
sleep, movement and emotion. Serotonin regulates mood.

n

Dopamine is present in regions of the brain that regulate emotion, motivation
and feelings of pleasure.

Ecstasy is a dangerous drug. It affects the release of ADH from the pituitary
(Topic 11, pages 305–306), and does not allow this hormone to be switched
off even if large amounts of water are consumed. Because ADH continues to
be released, water continues to be reabsorbed by the kidney rather than being
removed in urine: the water remains in the blood causing the brain to swell
which can ultimately lead to death.

Anesthetics
■■ The action of anesthetics on the CNS
The action of anesthetics:
n

is due to interference with neural transmission between areas of the brain
concerned with sensory perception and the CNS

n

inhibits synaptic transmissions

n

depresses the excitability of the whole CNS.

Key definition
Anesthetic – a drug that can
bring about reversible loss of
consciousness.

Key fact
APPLICATIONS

■■ Anesthetics and awareness
n

A general anesthetic is a medication administered to cause total loss of
consciousness, so that a patient is unaware of surgery and feels no pain.
It is administered by an anesthetist – a specially trained doctor – to bring
about a medically induced coma.

n

A local anesthetic is a drug used to cause local loss of sensation for a brief
period – typically quickly reversed.
Most work by inhibiting sodium influx through the sodium-specific ion
channels in nerve fibres (Topic 6, page 184).
Virtually any part of the body can be treated by a local anesthetic.

A spinal block is a form of regional anesthesia used for some operations below
the level of the waist. A local anesthetic is injected into the space around the
spinal cord in the lower back region. Pain triggered below the numbed region is
not felt, so a patient will be awake and breathing, but in no discomfort.

Anesthetics act by interfering with
neural transmission between areas
of sensory perception and the CNS.

Key facts
An anesthetic is a drug that can
bring about reversible loss of
consciousness. Anesthetics:
• inhibit synaptic transmissions
• depress the excitability of the

whole CNS.
A general anesthetic is a
medication administered to cause
total loss of consciousness, so that
a patient is unaware of surgery and
feels no pain, and is administered
by an anesthetist to bring about a
medically induced coma.

Stimulant drug action
Stimulant drugs:
n

enhance the activity of the central and peripheral nervous systems

n

mimic the stimulation of the body by the sympathetic nervous system
(page 9, this chapter)

Key fact
Stimulant drugs mimic the
stimulation provided by the
sympathetic nervous system.
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n

induce a sense of well-being and euphoria

n

increase wakefulness and alertness

n

raise blood pressure and heart rate.

Stimulant drugs include: caffeine, cocaine, amphetamines, and nicotine.

Drug addiction
Causes of addiction:
n

Experimentation with a less harmful ‘gateway’ drug, such as THC in
cannabis, in an environment that encourages further experimentation –
with the user perhaps moving on to involvement with some form of drug,
e.g. cocaine.
Cocaine’s interference with dopamine metabolism produces a state of
dependence.
More and more drug is needed to produce the same effect, and the user
comes to feel that they cannot exist without the effect.

Key definitions
Addiction – physiological and
psychological ongoing compulsion
to take a mood-altering drug,
being unable to give it up without
experiencing very unpleasant sideeffects.
Addict – someone who cannot
control or abandon their drug use.

A major cause of addiction is the habit-forming nature of the drugs
themselves.
n

Genetic predisposition may be a factor in some addicts, although this needs to
be differentiated from the environmental aspects of being exposed to a culture
of drug use in the immediate family environment.
Some individuals have a metabolic state in which drugs (like alcohol) are
very effective within the body (they lack the level of enzymes to more
promptly dispose of the drug, for example), and this condition may be
inherited.

Key fact
Addiction can be affected by
genetic predisposition, social
environment, and dopamine
secretion.

Personality type may be another genetic predisposition, such as hedonistic
or risk-taking behaviour.
n

Social factors, such as poor diet, high unemployment, and limited access
to education and training that will lead to rewarding employment,
together with little opportunity for personal fulfilment, can all generate
a sense of hopelessness in which drug use seems a possible and practical
escape.

Testing of medicinal drugs
NATURE OF SCIENCE
Assessing risks associated with scientific research – patient advocates will often
press for the speeding up of drug approval processes, encouraging more tolerance
of risk.
n

Today in developed countries, new drugs and medicines have to be approved
by a government agency, following a rigorous regime of critical trials, such as
those required in the UK (Table 12.5).

n

Trials extend over a prolonged period; it takes very many years to develop
a drug.

n

Where reports of the effectiveness of a particular potential drug are released
early in the testing regime, patients who believe they could benefit from
receiving the drug are inclined to press for its early release.

n

In the assessment of risk associated with this type of scientific research,
potential beneficiaries are more tolerant of risk – sometimes putting pressure
on the medical and research teams who are working on development and
testing of the drug.
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Stage

Procedure

1 Pre-clinical stage of Involves laboratory tests concerning:
drug development
l
the composition of the drug
l

its manufacture

l

safe delivery and formulation of the drug into a administrable form, such as a nasal spray or time-release capsule

l

the effect of the drug on cells and tissues (in vitro studies)

l

trials with animals (‘animal models’).

If the drug now receives approval for the next trial stages, these will all involve humans (in vivo studies).
2 Phase I Clinical
studies

A number of healthy volunteers, typically 20–100 people, receive the drug for a limited period. Investigations
monitor the way the drug is metabolized in the body and its effects.

3 Phase II Clinical
studies

A larger group of (normally several hundred) volunteer patients with the condition the drug is designed to treat are
selected. The patients are typically divided into groups: one group receiving the drug; one a placebo; and, possibly,
one receiving the current standard treatment. These are ‘double blind’ trials – neither patients nor administrators
know which group is receiving which treatment.

4 Phase III Clinical
studies

Finally, expanded versions of Phase II trials are now mounted, randomized and double blind, again involving many
hundreds of patients with the condition.

If the outcomes of the above phases are all satisfactory, the drug may be approved for a marketing licence.
Post-approval studies If ‘side-effects’ have emerged, the response to the drug may need to be reviewed.
Table 12.5 Stages of the UK drug-testing regime

■ QUICK CHECK QUESTIONS
1

The histograms in Figure 12.28 show the results of an experiment in which mice were treated with MDMA,
and the levels of dopamine and serotonin were subsequently measured in their brain tissue over a 180-minute
period. Two levels of dosage of MDMA were applied (3 mg and 10 mg) and also saline without any MDMA.
Notice that not only wild-type mice were used, but also three types of genetically modified mice. The histograms
show the totals of (A) dopamine and (B) serotonin released during the period of the experiment.
The animal models used in this experiment were:
wild-type mice
GM mice that lacked the gene for making dopamine transporter protein
GM mice that lacked the gene for making serotonin transporter protein
GM mice that lacked the gene for making dopamine and serotonin transporter proteins

(A)
4000
3500
3000
2500
2000
1500
1000
500
0

Saline

MDMA 3 mg MDMA 10 mg

alternative treatments of the mice

total serotonin released within the
180-minute period of the experiment

The colour coding above will aid your interpretation of the histograms below.

total dopamine released within the
180-minute period of the experiment
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alternative treatments of the mice

Figure 12.28 The impact of MDMA on serotonin and dopamine release in the mouse
a

Explain the significance of the treatment of mice with saline only, as part of the investigation.

b Evaluate the extent to which the data support the suggestion that more serotonin is released than
dopamine in the presence of MDMA in ‘wild-type’ mice.
c

Describe the effect of the absence of a gene for dopamine-release protein on the levels of
dopamine in the brains of mice during the experiment.

d Describe the effect of the absence of a gene for serotonin-release protein on the levels of serotonin
in the brains of mice during the experiment.
e

Assuming that dopamine and serotonin originate in endoplasmic reticulum in the neurosecretory cells, identify
the possible ways in which dopamine-release protein and serotonin-release protein might act in brain cells.

2

Explain the effects on the nervous system of two stimulants and two sedatives.

3

Explain the effect of anesthetics on awareness.
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12.6 Ethology (AHL)
Essential idea – Natural selection favours specific types of behaviour.

What is ethology?
Modern studies in ethology are closely related to the disciplines of ecology,
genetics, physiology, and psychology.
The activities of animals enable them to
n

survive

n

seek out favourable environments

n

reproduce.

Key definition
Ethology – the study of animal
behaviour in natural conditions.

As a fundamental part of these activities, an organism receives information,
allowing it to continually respond to changes in its environment. Behaviour is
based on ‘feedback’, and on the machinery for response and coordination (the
nervous system and the effector organs).

Underlying principles of ethology
n

Behaviour may be either ‘innate’ (= instinctive) or ‘learnt’. The term
instinctive implies that the animal is genetically programmed with
a response. This response may be automatically triggered in certain
environmental circumstances. Animals often display a range of different
types of activity between these extremes.

n

The impact of natural selection can change behaviour. Innate behaviour that
increases the chances of survival and reproduction tends to become more
predominant in a population. Consequently, natural selection can change the
frequency of observed animal behaviour.

n

Learnt behaviour may spread through a population or may be quickly lost. If
an activity confers a competitive advantage, it is likely to be adopted by others.
However, learnt behaviour that no longer confers advantage may be lost
equally rapidly (more rapidly than innate behaviour).

Key facts
• Natural selection can change

the frequency of observed
animal behaviour.
• Behaviour that increases
the chances of survival and
reproduction will become more
prevalent in a population.
• Learnt behaviour can spread
through a population or be
lost from it more rapidly than
innate behaviour.

APPLICATIONS

Ethology in action – case studies
NATURE OF SCIENCE

Expert tip

Testing a hypothesis – experiments to test hypotheses on the migratory behaviour
of blackcaps have been carried out.

The seven applications in this subtopic, outlined in this section, are
intended to reinforce understanding
of the general principles. The
applications include a range of types
of behaviour and types of animal.
Other examples, including local
examples that can be observed,
should also be studied if possible.

■■ Migratory behaviour in blackcaps
Some species of birds migrate between winter and summer territories.
n

Territories in different seasons present different survival challenges.

n

By moving between territories, animals provide themselves with optimal
opportunities for successful rearing of offspring.

Expert tip
Migratory behaviour in blackcaps as an example of the genetic basis of behaviour
and its change by natural selection.
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Figure 12.29 The blackcap (Sylvia atricapilla) – a migratory bird, traditionally
of Northern Europe, Spain and North Africa
Species

Blackcap (Sylvia atricapilla)

Normal behaviour

migrate between Spain and North Africa in winter, and northern Europe (mainly Germany) in summer,
where they breed

Observed change

l

l
l

Experimental investigation

change is possibly a reflection of a climate change in Britain
birds wintering in Britain go back to Germany about 10 days earlier than those from Spain, providing
the former birds with a shorter journey and greater choice of territory

l

tend to lay more eggs than birds from Spain

l

the regime of the winter visitors to Britain provides an advantage over that of ‘Spanish’ blackcaps

the issue: does this behaviour change have a genetic basis?
l

eggs were taken from birds in Germany (i) that had over-wintered in Britain, and (ii) that had overwintered in Spain

l

the young of both were reared in captivity (without knowledge of their parents)

l

subsequent directions/destinations of migrations were recorded

l

l

Explanation/conclusion

birds rarely wintered in Britain until the 1950s – winter population is now substantial (of birds
previously wintering in Spain)

l
l

data were obtained by ringing of nestlings and temporary trapping by netting of migrant populations at
destination site – for identification
the birds of both groups tended to migrate to the preferred winter territory of their parents – of whom
they have no knowledge or experience
the behaviour is innate, rather than one learnt by parental guidance
the British blackcaps have become genetically programmed by natural selection to fly in the same
direction as their parents

Table 12.6 Migratory behaviour in blackcaps

■■ Blood sharing in vampire bats
An altruistic act may decrease the altruist’s chance of surviving, while increasing
the survival chances of some other organism.
n

Kin-directed altruism: the giver shares many genes with the beneficiaries,
probably including the altruistic genes. For example, mothers risk their lives to
protect defenceless offspring against large and aggressive predators.

n

Reciprocal altruism: the giver is helping a wider community, including many
less closely related members of the species. All individuals in the group support
each other – they all benefit sooner or later from their neighbours’ acts –
although they are not consciously seeking such a benefit.

Expert tip
Blood sharing in vampire bats as
an example of the development
of altruistic behaviour by natural
selection.

Key definition
Altruism – selfless concern for the
well-being of others.
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Species

Vampire bat (Desmodus rotundus)

Behaviour

l

bats locate sleeping mammals

l

the prey is bitten

l

saliva is secreted, containing anticoagulants, so blood flows and is licked up

l

food cannot always be found every night.

l

when hungry, a bat begs for food from another member of the group who will then regurgitate some blood

l

this is an example of reciprocal altruism.

l

social grooming is also common, associated with food sharing

l

blood sharing is most commonly observed among kin groups that are able to recognize their relatives

Altruism observed

Experimental
investigation by
observation

l

Explanation/
conclusion

the behaviour depends both on degree of relatedness and on opportunity for reciprocation; 70% of blood
sharing occurs between mother and offspring

l

bats are able to recognize and remember individuals who have previously cooperated, if unrelated

l

adult males share blood with females and their offspring but refuse to do so with other potentially competitive males

l

l

bats cannot survive longer than two days without feeding; individuals who cannot or will not share blood die
prematurely
blood sharing has evolved by natural selection

Table 12.7 Blood sharing in vampire bats

Figure 12.30 Testing a hypothesis – a vampire bat (Desmodus rotundus)
feeding on mammalian blood

■■ Foraging behaviour in shore crabs
Species

Shore crab (Carcinus maenas)

Normal foraging behaviour

l

feeds on bivalve molluscs such as mussels (Mytilus)

l

uses strong claws to crack mussel shells

l

an aggressive species, often fighting its own kind

l

will attack mussels 10–60 mm in length

l

highly selective, handling their potential prey to evaluate size

l

smaller and larger mussels are seen to be quickly rejected

l

studies investigated preferred prey size

l

mussels varied in size from 5 to 35 mm

l

the majority of mussels predated were in the range 20–25 mm (Figure 12.31)

Observed feeding behaviour

Experimental investigation

Explanation/conclusion

l

l

crabs use optimality criteria in prey selection: large mussels take more energy to break open; smaller
mussels are harder to grasp and more easily dropped
where a wide range of prey size is available, both extremes in size of prey are rejected in favour of a
size that is commonly encountered and relatively easily consumed

Table 12.8 Foraging behaviour in shore crabs – survival by optimal prey choice
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prey choice
40

% in diet

40

Carcinus maenas:
shore crab
(size 6–10 cm)

20

0

Mytilus edulis:
common mussel

0.5

1.5

2.5

3.5

size of mussel (cm)

Figure 12.31 The shore crab (Carcinus maenas), its prey, the common mussel
(Mytilus edulis), and the crab’s preference in prey size

Expert tip
Foraging behaviour in shore crabs as an example of increasing chances of survival
by optimal prey choice.
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n■ Breeding strategies in coho salmon populations
Species

Coho salmon (Oncorhynchus kisutch)

Habitat/life-style

l■

l■

l■

Life-history strategies

l■

l■

l■

l■
l■

Breeding tactics

l■

l■
l■

Observed change

l■
l■

Explanation/conclusion

l■
l■

l■

have a fresh water phase lasting 12 months in which eggs hatch into tiny ‘fry’ that feed and grow in
the stream
also a seawater phase – feeding and growing there; females for 18 months, small adult males
(‘jacks’) for 6 months and large adult males (‘hooknose’) for 18 months
all return to their fresh water habitat to breed and die
early■in development a ‘switch’ occurs: smaller fry become ‘jacks’ and the larger fry become
‘hooknose’.
differences between jacks and hooknose involve adult size, body shape, and (later) breeding
behaviour (Figure 12.32)
the alternative developmental pathways of males may be determined by genotype, egg size, time of
hatching, and possibly environmental factors
all males and females swim down to the sea 12 months after hatching
many adults are lost to predators in the marine phase – fewer ‘jacks’ are lost in this phase, because
they spend one year less in the sea
returning to the stream where they grew, females lay their eggs in shallow gravel, following
encouragement by a successful male
‘hooknose’ males fight for access to the female in open water
‘jacks’ sneak out from a recess (refuge) in the river bank or from behind a boulder, to encourage a
female and fertilize the eggs (Figure 12.32)
over 70% of ‘jacks’ have been observed to get to mate, compared with 55–60% of ‘hooknose’
with ‘jacks’ being more successful, more ‘jacks’ are in the population, leading to greater competition
among ‘jacks’, so restoring an advantage to the aggressive ‘hooknose’.
both ‘hooknose’ and ‘jack’ strategies are effective
having two pathways in development and alternative breeding strategies increases the genetic
variation in the population
this strategy increases the survival potential of the salmon populations

Table 12.9 Coho salmon, life history and breeding behaviour
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fertilized eggs hatch into ‘fry’
which grow into adult fish
in 12 months

‘jack’ in
‘sneak’
location

female in
spawning
position

(male development)
small fry
become
‘jacks’

large fry
become
‘hooknose’

stream flow

all fish ( s and s)
swim down to the sea

all surviving adults return to
their fresh water origins
(females and ‘hooknose’ after
18 months, ‘jacks’ after 5 months)

‘jack’ in
‘sneak’
location
‘hooknose’ in open
conflict for the chance
to fertilize the eggs
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Expert tip
Breeding strategies in coho salmon
populations as an example of
behaviour affecting chances of
survival and reproduction.

Figure 12.32 Male coho salmon – alternative life histories and breeding strategies

■■ Courtship in birds of paradise as an example of

mate selection
The quality of a mate may be critical to reproductive success. Various mechanisms
ensure selectivity in the sexual process. The outcome for a loser of this struggle is
few or no offspring.
n

Victory in the struggle to attract a mate may depend on the use of special
features of structure or behaviour.

n

The long-term outcome has been the evolution of exaggerated traits that
draw attention to a potential mate and markedly increase the possibility of
reproductive success.

n

Sexual (mate selection) is typically the initial step in the reproductive cycle,
and mating follows promptly.
This is advantageous where the winning trait also makes that competitor
more vulnerable to predation.

Key definition
Sexual (or mate) selection – the
struggle between individuals of one
sex (normally the males) for access
to individuals of the opposite sex.

Exaggerated traits, advantageous to mate selection, may not necessarily
favour long-term survival.
n

Traits that have evolved by natural selection enhance the chance of
reproductive success and so have been genetically selected.

Courtship in birds of paradise is an example of mate selection: a behaviour trait
with significant consequences for individuals and the species. This is discussed in
Topic 10 (page 277).
Biology for the IB Diploma Study and Revision Guide © Andrew Davis and C. J. Clegg 2017

41

42

Option A 12 Neurobiology and behaviour

■■ Synchronized estrus in female lions in a pride
Once animals are ready to mate they may advertise their state of readiness. As the
female enters estrous, volatile hormones (pheromones) are secreted that generate
detectable odours.

Expert tip
Synchronized estrus in female lions
in a pride as an example of innate
behaviour that increases the chances
of survival and reproduction of
offspring.
Figure 12.33 A pride of lions
Species

African lion (Panthera leo)

Male and female breeding tactics

l
l

l
l

Cause/control of synchronized estrous

l
l

l

Chances of cub survival

l

l
l

l

a new male taking over a pride kills the existing young cubs and drives out the others
as the females of the pride come into estrous (a period of advertised fertility), he mates with
them
a litter of 1–4 cubs is born
females with cubs do not become sexually active again until their new offspring are 1.5–2
years old
lions do not breed seasonally; females in a stable pride often come into estrous synchronously
synchronous estrous is triggered by estrous in any one member, leading to the release of
pheromone signals (volatile hormones)
release of pheromones at estrous is an innate, hormone-controlled behaviour pattern
synchronized estrus of female lions in a pride increases the chances of survival and
reproduction of offspring
nursing mothers will suckle any cub of the whole pride according to need
cub survival chances are enhanced, but they are still vulnerable – for example, due to
starvation or to hunting by other predators
all females will defend the cub pack from external attacks

Table 12.10 Synchronized estrus in female lions in a pride

■■ Feeding on cream from milk bottles in blue tits
The blue tit (Parus caeruleus) is a common resident bird of woodlands, hedgerows,
parks and gardens, widely dispersed in Europe, North Africa, and some parts of
Asia.
In the UK, milk used to be delivered to doorsteps in bottles capped with a thin
aluminium seal.
n

Some blue tits learnt that the aluminium cap was easily pecked through to
access the creamy milk.

n

This behaviour was immediately copied by other blue tits.

n

This learnt behaviour persisted as doorstep deliveries lasted in the UK.

n

Today, most milk is bought in plastic bottles from supermarket shelves, and so
blue tits have found other ways of feeding and have lost the learnt behaviour.

Expert tip
Feeding on cream from milk bottles
in blue tits as an example of the
development and loss of learnt
behaviour.
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Figure 12.34 Blue tit feeding on a milk bottle

The case study of blue tits feeding on milk bottles shows that when behaviour is
not innate but learnt, it can be lost.
■ QUICK CHECK QUESTIONS
1

Define ‘ethology’.

2

Outline how natural selection can change the frequency of an observed
animal behaviour.

3

Explain why learnt behaviour can spread through a population or be lost
from it more rapidly than innate behaviour.
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