
key kNOWLedGe

This chapter is designed to enable students to:
■ gain an understanding of the concept of homeostasis and the operation of

homeostatic mechanisms to maintain conditions in the internal environment of
the human body within a narrow range

■ list examples of biological variables that are subject to homeostatic regulation
■ identify the components of a stimulus-response model in homeostasis and

feedback loops
■ gain knowledge of malfunctions in homeostatic mechanisms and their

outcomes.

fIGuRe 6.1 The Simpson 
Desert includes parallel 
sand dunes that stretch over 
hundreds of kilometres. In 
this image we see the edge 
of a dune and, on the left, 
the hummock grasslands that 
separate this dune from the 
next one. In a desert, people 
face the dual challenges 
of maintaining their body 
temperatures and their water 
(fl uid) levels within a narrow 
range. In this chapter, we 
will explore the homeostatic 
mechanisms that regulate 
these and other factors, 
keeping physiological values 
within tolerance limits. 
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Death in the outback
In the corner of the Simpson Desert in south-west Queensland lies Ethabuka 
Station, a remote 200  000 hectare property. It was once a cattle station but is 
now a wildlife reserve, acquired in 2004 by Bush Heritage Australia. Ethabuka 
is located in a harsh region of Australia that includes large areas crossed by a 
series of long parallel sand dunes that have little to no shade, no free-standing 
water and are subject to searing daytime temperatures that can reach up to 
50 °C.

fIGuRe 6.2 The Simpson 
Desert with its red sandy 
plains and dunes covers 
an area of 176  500 km². Its 
beauty conceals the threat to 
survival faced by people who 
enter this environment without 
careful planning, a suitable 
vehicle and adequate water, 
fuel and protection from the 
heat.

In November 2012, two workers, Mauritz Pieterse and Josh Hayes, left 
the Ethabuka homestead in a four-wheel drive (4WD) to carry out routine 
maintenance on water bores, a task that would normally take a few hours. 
 Unfortunately, about 16 km from the homestead, their 4WD became bogged 
in a sand dune. After trying unsuccessfully to free the vehicle, the two workers 
made the fateful decision to leave the car and walk back to the homestead. In 
dry and very hot conditions a good supply of water is essential for survival but, 
tragically, the pair did not have enough water with them.

A message was sent by two-way radio at 12 noon to the two workers but 
no response was received from them. Th is suggests that they had left their 
bogged vehicle by that time. When there was still no response at 5 pm, the 
alarm was raised. Aware of the radio silence, Greg Woods, the manager of 
another station located more than 200 km away, set out on a 6-hour drive in 
his 4WD to search for the two workers. Just before midnight, Woods found 
 Mauritz lying dead in the desert sands about 6 km from the bogged 4WD. 
He had collapsed within a few hours of starting to walk back to the home-
stead but had told his friend to continue walking. Th e expert view expressed 
at the time was that his death was the result of severe dehydration and 
heat stroke. Woods then began an urgent search for Josh Hayes and found 
him 2 km away, close to death. Because of the prompt actions of Greg Woods, 
Josh survived.

Th e vast arid inland of Australia has been described as ‘unforgiving and hos-
tile territory’ that, sadly, has claimed many other lives. With summer tempera-
tures reaching up to 50 °C, survival time in this environment without adequate 
water and shelter is limited.
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241CHaPter 6 Survival through regulation

Th e Gibson Desert in Western Australia was the scene of another tragedy. In 
April 2005, the bodies of Bradley Richards, 40 years old, and his nephew, Mac 
Bevan Cody, 21, and their dog were found on the remote Talawana track beside 
their broken down 4WD (see fi gure 6.3a). In late March, the two men left the 
outback town of Newman in Western Australia, intending to travel north to fi nd 
work. Unfortunately, their vehicle broke down. Lacking detailed maps of the 
area, the two men walked several kilometres to the east, back along the track 
that they had travelled, searching for water. Unable to fi nd water, they returned 
to their vehicle. Had they walked in the opposite direction, they would have 
reached Georgia Bore and its supply of water (see fi gure 6.3b). With no one 
aware of their travel plans and with the Talawana track closed at that time of 
year, sadly, the two men perished. 

(b)(a)

fIGuRe 6.3 The Talawana track runs for several hundred kilometres through the Gibson Desert. (a) The vehicle 
of Bradley Richards and Mac Cody, now moved off the track, marks the place where their tragic deaths occurred. 
(b) Georgia Bore, a source of fresh water, is located just 9 km to the west of where the truck in which Bradley Richards 
and Mac Cody were travelling broke down. (Images courtesy of Libby Sakker)

Th e Great Sandy Desert in Western Australia came into public awareness 
in April 1987 when the remains of 16-year-old James Annetts and 17-year-old 
Simon Amos were found after having been missing for months.

Th e two boys had responded to an advertisement for jackaroos to work 
on a cattle station in the Kimberley region of Western Australia. After just 
7 weeks working on the main station, each was sent to be the sole caretaker 
at properties 150 km apart. Th eir only contact with the station manager was 
by radio. 

In early December 1986, for an unknown reason, the boys left together in 
a utility and drove along an isolated track into the Great Sandy Desert (see 
fi gure 6.4). Th e utility became bogged. Unable to free the vehicle, the boys 
walked 18 km and made a camp. It was at this camp in April 1987 that the 
remains of Simon were found, a rifl e nearby, a gunshot wound to his skull. 
Th e remains of James were found 1 km away from the campsite. In regard 
to Simon’s death, the coroner concluded that ‘after his supply of water and 
food was exhausted, he [Simon] became distressed so much that he turned 
his rifl e upon himself’. In regard to James’s death, it was concluded that ‘he 
too succumbed to the harsh environment  .  .  .  it is reasonable to assume that 
the medical cause of death was dehydration and exhaustion in association 
with hyperthermia’. 
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These deaths are a tragic reminder of the need to take appropriate 
precautions when travelling in the remote arid outback of Australia, 
and an example of the extreme dangers of hyperthermia (hyper = 
above; therme = heat) and dehydration (loss of body water). Th ese 
conditions can lead to heat exhaustion and, in extreme cases, fatal 
heat stroke. Later in this chapter (see pages 258–9), we will examine 
how the combination of hyperthermia and dehydration can result 
in death.

Sources of heat gain and heat loss
In the following sections, we will explore the various means by 
which heat is gained by or lost from the human body. Heat gain and 
heat loss may occur by:
•	 physical processes
•	 physiological processes
•	 behavioural activities.

Physical processes of heat gain and heat loss
Heat can be gained by the human body from the external environ-
ment through radiation, conduction and convection. Th is heat 
gain occurs when the external (ambient) temperature is higher than 
the body temperature. 

Heat can be lost from the human body to the external environment through 
the processes of radiation, conduction and convection when the body tem-
perature is higher than the external (ambient) temperature. In addition, 
another process — evaporation — can be a major source of heat loss from the 
human body.

Let’s look at how these physical processes of radiation, convection, conduc-
tion and evaporation can cause the body to either gain heat from or lose heat 
to the environment.
•	 Radiation requires no physical contact between objects for the transfer of 

heat, principally as infra-red radiation, to occur. Heat is transferred by radi-
ation from a warmer object to a cooler object. If you stand in the sun on a 
very hot day in summer, the exposed parts of your body will gain heat by 
radiation. On a cold day, you radiate body heat to the environment and so 
lose heat. However, if you move indoors and stand in front of a heater on a 
cold day, you will gain some of its radiant heat. At rest, most of the heat that 
you lose is by radiation to the environment.

•	 Convection is the process of heat transfer resulting from the mass movement 
of air (or water) past exposed areas of the body when each is at a diff erent 
temperature. Th e greater the rate of movement of the air or the water past 
the body, the greater the rate of transfer of heat. Th e movement of air from 
a fan across your exposed skin surfaces on a hot day moves warm air away, 
replacing it with cooler air, so that you lose heat. Likewise, a cold wind will 
remove heat from exposed surfaces of your body, and the higher the wind 
speed, the greater the heat loss. However, if you move indoors and place 
your hands above a heater, you gain heat from the upward convective fl ow of 
warm air from the heater. In a similar manner, the movement of hot wind on 
a summer’s day will cause you to gain heat from the environment.

•	 Conduction involves heat transfer by immediate physical contact with 
another object at a diff erent temperature. Th e direction of heat transfer is 
from the warmer to the cooler object. You lose heat by conduction when you 
put your hand on a cold metal railing; you gain heat by conduction when 
you hold a hot object in your hands. Heat loss by conduction is typically 
small and is limited to parts of the body that come into immediate contact 
with external objects that are good conductors of heat.

Heat can be lost from the human body to the external environment through 

fIGuRe 6.4 Map showing remote location 
in the Great Sandy Desert of the bogged 
utility abandoned by James Annetts and 
Simon Amos. Note the Gibson Desert, 
further south, which is the location of the 
Talawana track where the broken down 
vehicle of Bradley Richards and Mac Cody 
was found.
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243CHaPter 6 Survival through regulation

Figure 6.5 illustrates heat gain from the external environment by a person 
through the processes of radiation, convection and conduction.

Conduction

Convection

Radiation

fIGuRe 6.5 Diagram showing the differences between radiation, 
convection and conduction. Which of these processes requires 
direct physical contact for the transfer of heat? Which process 
involves the transfer of heat by moving air?

Heat loss by convection and conduction is a major concern if a person is 
immersed in cold water for an extended period. Such a person is at risk of 
extreme loss of body heat (hypothermia). Why? Heat loss by convection is 
high because water is generally moving and, as it moves, cold water removes 
heat from the body. A given volume of moving water can transfer much more 
heat than the same volume of air because water has a heat capacity about 
1000 times that of air. Th e loss of body heat by conduction in cold water is 
also high because heat is conducted away from the body about 25  times 
faster in water than in air at the same temperature.

Heat gain by convection and conduction is also an issue for people who soak 
in hot tubs in water at high temperature for extended periods. Th is practice may 
place some people at risk of hyperthermia with an uncontrolled rise in body 
temperature. In Australia, the maximum temperature allowed for hot tubs is 
40 °C, and the recommended setting is 37 °C. In the United States, deaths have 
occurred as a result of people using hot tubs with excessively hot water (43 °C).

•	 Evaporation is the conversion of liquid water to vapour, a process that requires 
an input of heat energy. As a result, evaporation is a source of heat loss from 
the body (but never heat gain). Th e source of the water that evaporates may be 
external, as for example, with the evaporation of water droplets from the skin of a 
person who has been swimming, or evaporation from wet clothing that a person 
is wearing. Both of these can be signifi cant sources of heat loss from the body. 

In addition, the water that evaporates may come from internal sources. 
Th ese sources are:

 – the insensible water that is lost as vapour from the body via the skin 
pores, from the internal moist surface of the lungs and airways, and from 
the moist membranes of the mouth and nose

 – the sweat from the sweat glands of the skin. 

Odd fact

Major mechanisms for heat 
loss by a person in cold air 
are radiation and evaporation; 
conduction and convection 
are the major means of heat 
loss for a person immersed 
in water.
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However, sweating comes into operation only when a person is exposed 
to external temperatures of about 37 °C or higher, or when a person retains 
excessive internal heat generated through metabolism, such as may occur 
during strenuous exercise or manual labour.
Th e evaporation of water is most eff ective when the air is dry and, even 

better, when there is a wind to assist cooling. As the surrounding air becomes 
more humid — with higher levels of water vapour — and as the air move-
ment slows, evaporation is less eff ective as a cooling mechanism because the 
humid air cannot remove as much water as dry air. For example, at 100 per 
cent humidity in still air, sweat does not evaporate from a person, but simply 
drops from the body as liquid water, a situation often described as ‘futile’ or 
‘useless’ sweat. Sweat that drops from the body as liquid is useless because it 
cannot contribute to the cooling of the body and, even worse, it involves a loss 
of fl uid from the body that can contribute to dehydration.

Figure 6.6 shows the various channels of heat loss from a boy on a still day when 
the external air temperature is lower than the person’s core body temperature. 
Under these conditions, the boy on the diving board loses heat to the environ-
ment mainly through the physical processes of radiation and evaporation, with 
less loss by convection and conduction. What change, if any, will happen after 
the boy dives into the pool, assuming that the water temperature is 25 °C? 

Evaporation

Conduction to air

Conduction of heat
from feet to board
or other objects in
contact

Radiation heat
waves

    Convection
 (air currents
carry heat away)

fIGuRe 6.6 The boy’s core body temperature is higher than the external 
temperature. He loses heat to the external environment by radiation, 
evaporation and convection, and a small amount to conduction where his 
bare feet are in contact with the diving board.

Physiological processes for heat gain and heat loss
Physiological processes are not under a person’s conscious control but occur 
 automatically — you do not have to think about starting them. Th ese processes are 
initiated by centres in the hypothalamus of the brain. For example, the hypothal-
amus has a centre with a temperature set point against which changes in body tem-
perature are monitored. In a normal healthy person this set point is about 37 °C. 
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245CHaPter 6 Survival through regulation

If the body temperature falls below the set point, these physiological pro-
cesses increase heat production within the body and reduce heat loss. As a 
result, the body temperature rises. (Th is is a bit like switching the heater on 
in a room and closing the windows.) If, however, the body temperature rises, 
these physiological processes produce an increase in heat loss from the body 
so that the body temperature falls. (Th is is a bit like opening the windows in a 
hot room to let cooler air in.)

Heat produced by shivering
Shivering is the alternate contraction and relaxation of small muscle groups 
and is an involuntary action. Th e hypothalamus contains a centre that controls 
shivering. Th is centre activates nerves that control muscles in the upper limbs 
and body trunk. When muscles shiver, almost all of the energy of contraction is 
converted into heat energy.

Although maximum shivering can produce signifi cant amounts of additional 
heat for a body — up to fi ve times what is normally required — it cannot be 
sustained for long because it drains the energy reserves of the muscle tissue.

Heat produced by metabolism
Metabolic processes in the body produce heat. Th e minimum amount of heat 
generated internally is the so-called basal metabolic rate. Th is is the level of 
metabolism needed to maintain the living state in a person at rest, fasting, and 
in a thermo-neutral (temperate) environment. However, if the core body tem-
perature falls, the level of metabolism rises above the basal rate, producing 
more internal heat. 

Th e increase in metabolic rate is initiated by a centre in the hypothal-
amus. Th e hypothalamus releases a hormone that causes the release of other 
 hormones — fi rst by the pituitary gland and then by the thyroid gland. 
Th e hormone thyroxine, which is released by the thyroid gland, produces 
an increase in metabolic rate by body cells. Th e hypothalamus, the pituitary 
gland, and the thyroid gland are part of the endocrine system of the human 
body (see fi gure 6.7).

Hypothalamus

Pituitary

Thyroid

Adrenals

Pancreas

Cells in gonads

Many including
thyrotropin-
releasing hormone

Many body
activities

Growth hormone
and many others

Many body
activities: ‘the
master gland’

Thyroxine Metabolism
Growth

Cortisol
Adrenaline

Metabolism
Response to stress

Insulin
Glucagon

Blood glucose
concentration

Testes:
testosterone
Ovaries:
progesterone
oestrogens

Fertility and
secondary sex
characteristics

Gland Hormone Regulates

fIGuRe 6.7 The endocrine 
system: its main glands, the 
hormones they produce and 
their actions. The endocrine 
system helps regulate 
functions of the human 
body by releasing hormones 
(chemical messengers) into 
the bloodstream that travel 
to and act on target cells. 
Hormones play important 
roles in the homeostatic 
regulation of physiological 
variables, including core body 
temperature.
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Motor nerves from the hypothalamus also cause the adrenal glands to 
secrete the hormones adrenaline and noradrenaline (refer to fi gure  6.7). 
Th ese hormones increase the basal metabolic rate, particularly in skeletal 
muscles and also in brown fat, a special kind of fat of particular impor-
tance in young babies (refer to the box in chapter 3, pp. 118–19). Brown fat 
is also present in human adults, but in very small amounts in the neck and 
the upper chest. Because of brown fat metabolism, babies produce about 
fi ve times as much heat (per unit of body weight) from metabolic pathways 
as adults. 

Varying blood fl ow to the skin surface
When cold is detected by cold receptors in the skin (see fi gure 6.9), the hypo-
thalamus sends nerve impulses that cause vasoconstriction of arterioles that 
lead to capillary beds close to the skin. Th ese impulses cause a ring of muscle 
around the arterioles to constrict, or become narrower. When this happens, the 
blood fl ow to the capillaries under the skin is greatly reduced. Instead, almost 
all the blood fl ows through shunt vessels that directly connect arteries and 
veins (see fi gure 6.8). As a result of the restricted blood fl ow to the skin, heat 
loss from the skin is reduced and heat is retained within the body, increasing 
the body temperature. 

In contrast, in hot conditions, the hypothalamus sends nerve impulses that 
cause vasodilation. Th ese impulses cause the ring of muscle around arterioles 
to relax. Th is allows blood to fl ow close to the skin surface. As a result, heat loss 
from the body increases, causing a drop in body temperature.

Shunt vessel

Vein

Venule

Artery

Sphincter
muscle

Arteriole

fIGuRe 6.8 Shunt vessels form a direct 
connection between arteries and veins. Nerve 
impulses from the hypothalamus control the 
band of muscle around the arteriole. The 
contraction or the relaxation of this muscle 
band determines whether or not blood will fl ow 
to capillaries just below the skin surface. What 
happens if this band of muscle contracts and 
closes the arteriole?

Hair ‘on end’ conserves heat
Piloerection means ‘hair standing on end’. Although it is not important 
for conservation of heat in humans, the ability to raise hair is important for 
mammals that have a covering of hair over most of their body surface. A layer 
of air becomes trapped in the erect hair above the skin and acts as an insu-
lation layer between the skin of the animal and the external environment. 
Nerve impulses from the hypothalamus travel to a muscle at the base of each 
hair, causing the muscle to contract and the hair to rise. Fluff ed up feathers 
play a similar insulating role in birds.
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247CHaPter 6 Survival through regulation

Figure 6.9 shows a longitudinal section through the human skin. Note the 
various features of the skin that are involved in homeostatic control of body 
temperature:
  i  arrector pili muscles that contract in response to nerve stimuli from the 

hypothalamus and raise the hair
  ii  hot and cold temperature receptors (see insert) that register skin tempera-

ture and transmit that information via nerves to the hypothalamus
iii sweat glands that produce sweat for evaporative cooling
iv  capillaries that supply blood to the skin with their blood fl ow controlled 

by the hypothalmus which can either constrict or relax a band of muscle 
around the arterioles that supply these capillaries.

Heat Cold

Hair

Sweat pore

Hair
follicle

Duct of 
sweat gland

Blood
vessels

Sweat
gland

Nerve

Arrector
pili muscle
(raises hair)

fIGuRe 6.9 Longitudinal section through human skin showing some of the features that 
are involved in homeostasis

Cooling by evaporation
Another physiological process involved in heat loss is sweating. Like the other 
processes mentioned above, sweating is controlled by a centre in the hypo-
thalamus. Nerve impulses from the hypothalamus activate sweat glands (see 
fi gure 6.9). Liquid sweat on the skin evaporates forming a vapour. Th e evap-
oration of sweat requires heat energy and this is taken from blood vessels 
close to the skin and so the body is cooled. When liquid water evaporates, 
energy is needed to change its state from liquid to gas. Th e evaporation of 
one  millilitre of liquid sweat from a person requires about 2500 joules of 
energy. Th is is more than the amount of heat energy produced by burning 
a match. Cooling achieved in this way is called evaporative cooling (see 
fi gure 6.10). You can observe the eff ect of evaporative cooling by placing 
your hand in front of a fan and comparing the cooling eff ect when your hand 
is dry with the eff ect when your hand is wet.
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Figure 6.11 shows a summary of the major physiological processes involved 

in producing and conserving heat or in losing heat. Note that conserving heat 
means preventing heat loss; this is diff erent from generating heat. 

Hypothalamus

Vasoconstriction Shivering Vasodilation Sweating

Rise in
metabolic rate

Hair
raised

Decrease in
metabolic rate

Hair lowered

Core body temperature

Falls Rises

Heat production & heat
conservation centre

Heat loss centre

fIGuRe 6.11 Diagram showing heat-generating and heat-conserving 
physiological mechanisms of the human body (left) and heat loss or cooling off 
processes (right). All these processes are initiated in the hypothalamus of the 
brain, with signals from the hypothalamus to other organs being transmitted by 
nerve impulses or by hormones.

behavioural activities for heat gain and heat loss
Behavioural activities are actions that are under a person’s conscious control. 
Some examples of conscious behavioural activities that people might under-
take to gain, conserve or lose heat are shown in table 6.1. 

Physical exercise is a major voluntary behaviour by which body heat 
can be generated. As physical exercise becomes more vigorous, the rate of 
heat production increases. In fact, as we will see later in this chapter (see 
p. 258), prolonged vigorous exercise can produce heat exhaustion, and 
if no relief is given, this can develop into heat stroke with possibly fatal 
consequences.

fIGuRe 6.10 Evaporation 
of sweat is a major means 
of heat loss from the human 
body. Sweating begins only 
when the ambient temperature 
is about 38 °C or when the 
body temperature is higher 
than normal because of 
intense exercise over a 
prolonged period.

Odd fact

Humans have sweat glands 
over almost all their body 
surface. In contrast, members 
of the dog and the cat 
families have sweat glands on 
only a few small areas that 
are not fur-covered, such as 
noses and paw pads. The 
primary means of heat loss 
to the environment by these 
mammals is by panting, 
which removes body heat 
through evaporation from the 
tongue and moist surfaces of 
the mouth (see fi gure 6.12). 

fIGuRe 6.12 Because 
dogs have very few 
sweat glands, their 
main means of losing 
body heat after they 
have been exercising is 
through panting. Where 
are the sweat glands in 
dogs? How does a dog 
lose heat when it pants?
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249CHaPter 6 Survival through regulation

tabLe 6.1 Examples of behavioural activities that may be undertaken by a person 
to gain, conserve or lose body heat. Can you think of other behaviours that might 
contribute to heat gain, heat conservation or heat loss?

behaviours for gaining and
conserving heat behaviours for losing heat

vigorously exercising removing a layer of clothing

putting on another layer of clothing having a cold shower

soaking in a hot bath resting in the shade

having a hot drink using an ice pack

rubbing your hands together removing your hat and gloves

reducing body surface area by 
wrapping your arms around you 

sitting in front of a fan

wearing a hat and gloves maximising the body surface area 
exposed to a cooling wind

standing in front of a heater soaking your feet in cold water

Normally, during extended periods of vigorous exercise the body compen-
sates for excessive metabolic body heat from muscle activity in two ways:
1. by beginning to sweat 
2.  by an increase in the blood fl ow to the surface areas of the body from where 

excessive heat can be lost through radiation from the skin. In fact, during 
vigorous exercise, peripheral blood fl ow can increase up to ten times — 
which explains why a person’s face reddens under such conditions.

Changing our clothing is one behaviour in which we commonly engage to 
regulate body heat — either adding clothes to conserve body heat or removing 
clothes to lose heat. Wearing clothing causes a signifi cant reduction in the loss 
of body heat from a person. A naked person radiates body heat to the environ-
ment to varying degrees over their entire body surface. Th is may be seen in 
the heat signature of a naked person (see fi gure 6.13a). Areas of greatest heat 
loss are the upper trunk, neck and head. Heat loss from the hands and feet is 
relatively less. (Can you suggest why?) When the person adds grade 3 thermal 
clothing (see fi gure 6.13b), heat losses from the trunk and the arms that are 
covered by the clothing are greatly reduced. If grade 5 thermal clothing is 
worn (see fi gure 6.13c), there is a further reduction in heat loss from the trunk. 
In addition, because the trunk is warmer, the heat loss from the legs is also 
reduced.

(a) (b) (c)

fIGuRe 6.13 Infra-red 
images of a female subject 
showing the heat loss under 
various conditions (a) Naked 
subject (b) Subject wearing 
grade 3 thermal clothing 
(c) Subject wearing grade 5 
thermal clothing. In the naked 
subject, where are the areas 
of greatest heat loss? What is 
the impact of clothing on heat 
loss from the body?
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As well as preventing heat loss, specialised clothing has also been designed 
to assist in cooling the body. Body cooling vests have been developed to pre-
vent over-heating or to assist in reducing the heat load of a body after exer-
cise. Th e Arctic Heat Body Cooling Vest is an Australian-made lightweight 
garment designed specifi cally for body cooling. Th e vest is two-layered, 
with an internal layer of merino wool and an outer micromesh layer made 
of so-called ‘wicking’ material. Th is is a fabric that is woven in a particular 
way in order to draw moisture from the skin to the exterior from where it can 
evaporate, so that the skin is kept dry and cool. 

Th e key feature of this garment is the presence of the crystals in the grey 
compartments of the vest (see fi gure 6.14). One exposure to water acti-
vates these crystals, converting them to a gel that can hold a particular tem-
perature for long periods. Once activated, the vest can be placed in water 
at a required temperature for two to three minutes and dried. If lower 
temperatures or longer periods of cooling are required, the vest can be 
placed in a refrigerator or freezer for a short period. Examples of people 
who make use of this cooling vest are members of professional sporting 
teams and people engaged in heavy manual labour, who may be at risk of 
over-heating. 

As seen in chapter 5 (pp. 201–2), other mammals have unique behaviours 
for losing body heat. One such example is the practice of saliva spreading 
that is seen in some wallabies and kangaroos. On a hot day, these mar-
supials can be seen licking an area on their forelimbs (see fi gure 6.15). 
Th ese areas (shown in blue) have a thin covering of fur and a rich supply 
of blood vessels. Th e saliva spread over these areas evaporates and the heat 
energy required for this process is taken from the body. Th us, this is an 
example of evaporative cooling. (Another example of evaporative cooling 
identifi ed in chapter 5 (p. 213) was that of camels being cooled by letting their 
urine track down their back legs.)

key Ideas

 ■ Deserts are environments in which dehydration and hyperthermia can 
threaten human survival.

 ■ Heat may be gained by or lost from the human body by radiation, 
convection and conduction.

 ■ Heat loss can occur by evaporation from the body, both insensible water 
and sweat.

 ■ Metabolic activity is one source of heat gain for the human body.
 ■ Heat gain or heat loss is infl uenced by many factors.

QuIck check

1 Identify a key difference between:
a radiation and conduction
b ambient and core body temperature
c insensible water and sweat
d the major source of evaporative cooling in a dog and in a person.

2 Give an example of each of the following.
a A behavioural factor that can increase heat loss 
b A physiological factor that results in heat gain
c An environmental factor that affects the rate of heat loss from the body
d A physical means by which heat is gained

fIGuRe 6.14 An Arctic 
Heat cooling vest. The grey 
compartments contain a gel 
that can hold a particular 
temperature for long periods. 
(Image with kind permission of 
Arctic Heat Pty Ltd)

fIGuRe 6.15 A red kangaroo 
(Macropus rufus) showing the 
‘saliva spreading’ behaviour, 
a cooling mechanism. How 
does licking this area cool the 
kangaroo?
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Homeostasis: staying within limits
Homeostasis is the outcome of processes that maintain a steady state or con-
stancy within the body for certain physiological variables and the chemical 
compositions of body fl uids.  Homeostasis involves monitoring levels of vari-
ables and correcting changes in these levels, typically by negative feedback. 
Homeostatic mechanisms produce a relatively stable internal environment by 
maintaining key variables within narrow limits.

One variable under homeostatic control is core body temperature. Th e tem-
perature of the external environment can vary — hot one day, cold the next. 
Regardless of the variation in the external temperature, the core body tempera-
ture of the human body at rest is about 37 °C, with a typical narrow range from 
about 36–39 °C (see fi gure 6.16). 

fIGuRe 6.16 The 
temperatures in the external 
environment may be different, 
but the internal environment 
stays the same.

Core body temperature is just one example of the operation of homeostasis. 
Th e major variables within the human body that are maintained within narrow 
limits by homeostatic mechanisms are shown in table 6.2.

tabLe 6.2 Summary of major variables that are subject to homeostasis in humans

Variable
Normal tolerance 
range Comments

temperature 36.1–39 °C Temperature of internal cells of the body is called the core 
temperature.

blood glucose 3.6–6.8 mmol per L Blood glucose is typically maintained within narrow limits 
regardless of diet.

water Daily intake must 
balance daily loss.

Body tissues vary in their water content. Bone contains about 
20% water and blood about 80% water. In prolonged dehydration, 
fl uid moves from cells and tissue fl uid into the body.

ions, e.g. plasma Ca2+ 2.3–2.4 mmol per L Specifi c ions are required by some tissues.

pH of arterial blood 7.4 pH regulation is necessary for enzyme action and nerve cells.

blood pressure — arterial
diastolic (relaxed)
systolic (contracted)

13.3 kPa (1000 mmHg)
5.33 kPa (40 mmHg)

Transport of blood depends on maintenance of an adequate 
blood volume and pressure.

urea (nitrogenous wastes) 
in plasma

< 7 mmol per L Waste products of cellular processes must be removed by kidneys 
to prevent toxic eff ects on cells.

unit 1 homeostasis
Concept summary 
and practice 
questions

aOs 2

topic 1

concept 4

Odd fact

The core body temperature 
of most mammals is in the 
range of 36–39 °C, and that 
of most birds is in the range 
of 39–42 °C.
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Looking at body temperature
Core body temperature relates to the temperature in organs and deep tissues 
within the core of the body. Core temperature must be distinguished from 
peripheral surface temperatures that can be many degrees cooler. For 
example, when the ambient temperature is 23 °C, the core temperature in the 
deep body tissue of a person is about 37 °C, but the temperature of that per-
son’s hands will be less, perhaps only 30 °C, and the temperature of the feet 
even cooler, perhaps 25 °C. It is the core temperature that is important and the 
core body temperature of a person can be measured at several sites, including 
the mouth (oral measurement), the rectum (rectal measurement), and the ear, 
where the temperature of the ear’s tympanic membrane or eardrum indicates 
the temperature of the brain stem and the hypothalamus in the brain. 

� e di� erence between the core temperature of a mammal and its peripheral 
surface temperature can be revealed using an infra-red camera that produces 
an image called a thermograph. A thermograph shows the surface tempera-
tures or heat signature of an object. Figure 6.17 shows the heat signature of 
Lettie, a Labrador dog. � e bar at the right shows colour-coded temperatures 
in order. � e coolest areas are black and then purple; the warmest areas are 
red (warmest) then yellow. � e black of Lettie’s nose pad is her coolest area. 
Other body areas are covered by fur that conserves heat, keeping those areas 
warmer to various degrees. In spite of all this variation in her surface tempera-
tures, Lettie’s core body temperature is maintained within the narrow doggy 
range of 37.7 °C to 39.2 °C. 

Body temperature: constant or changing?
� e core body temperature of a healthy person averages about 37 °C, and 
varies only within a narrow range, from 36–39 °C, depending on factors such as 
air temperature, level of physical activity, and food intake. For example, during 
vigorous exercise, the core temperature may temporarily rise to 40 °C. If the 
body temperature rises, mechanisms come into action to lower the tempera-
ture and return it to within the narrow range. If the body temperature falls, 
other mechanisms come into action to raise the temperature and return it to 
within the narrow range. All other mammals and birds are also able to regulate 
their body temperature and maintain it within speci� c limits. 

Many animals cannot regulate their body temperatures within narrow limits. 
Figure 6.18 shows the changes in the body temperature of a red-bellied black 
snake (Pseudechis porphyriacus) over one 24-hour period. Because the snake’s 
temperature does not stay within a narrow range, it is apparent that it cannot 
regulate its body temperature. At the beginning of the day when the snake 
emerges from a hollow in a log, its body temperature is about 15 °C, but as it 
moves above ground and exposes its body to the sun’s heat, its temperature 
increases to about 30 °C. Snakes exert some control over their body tempera-
ture, but only during the day, by behaviours such as shuttling back and forth 
between sunny and shady areas. When snakes get too hot, they move out of the 
sun and into the shade. � en, as they start to cool down, they move from the 
shade back into the sun. For snakes, their heat source is external to the body.

Emerge from
overnight retreat

‘Moving’ between sun and shade

Crawl into log
at dusk

Cool down to log
temperature overnight
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FIGURE 6.17 Heat signature 
of Lettie, a Labrador dog, 
obtained with an infra-red 
camera that detects surface 
temperatures. The black 
colour indicates that her 
nose is the coldest surface 
area. Why is this the case? 
Her warmest areas are those 
that overlie areas with a rich 
supply of warm blood.

FIGURE 6.18 (a) A red-bellied 
black snake (b) Variation in the 
body temperature of a black 
snake over a 24-hour period. 
Note the regular � uctuations 
in body temperature during 
the day as the snake moves 
between sun and shade.
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Source of body heat
� e source of body heat for mammals and birds is the heat produced by their 
own internal metabolic processes. People, along with other mammals and birds, 
whose body temperature comes from internal metabolic heat, are said to be 
endothermic (endo = within; thermos = heat). In contrast, the body heat of reptiles 
comes from an external source, the sun. Animals that rely on an external source of 
heat are said to be ectothermic (ecto = outside; thermos = heat) (see � gure 6.19).

For mammals, a proportion of the chemical energy from their food is used to 
warm their bodies. Because reptiles do not need energy from their food intake 
for staying warm, their energy requirements are less than that of mammals, 
and reptiles need to eat far less often than mammals. � e energy requirement 
of a reptile is just ten per cent of that of a mammal with the same body mass. 

� e striking di� erence that can exist between the body temperatures of a 
mammal and a reptile is shown in � gure 6.20. � e heat signatures of the 
two di� erent kinds of animal are very apparent. 

Regulating body temperature
� e core temperature of the human body is highly regulated, that is, kept within 
a narrow range by various homeostatic mechanisms. � e regulation of body 
temperature is called thermoregulation and it ensures a balance between 
heat gain and heat loss so that body temperature is kept relatively constant. 
� ermoregulation is one example of homeostatic regulation. Other examples 
include the maintenance of relatively constant blood glucose concentration, 
water balance in the body, blood pressure and blood pH.

Homeostasis as a stimulus-response model
Homeostatic regulation involves the monitoring of the value of a variable, 
such as body temperature, detecting if it starts to move outside the normal 
range and making adjustments to correct the situation. � is process can be 
represented by a stimulus-response model with feedback (see � gure  6.21). 
� e model starts with a stimulus and ends with a response that feeds back to 
and, typically, counteracts the original stimulus. Stimulus- response feedback 
models can be used to show how homeostatic mechanisms act in the body 
and maintain a fairly constant state.

1  Stimulus

Fe
ed

b
ac

k

5  Response 4  Effector

2  Receptor

3  Modulator
or control centre

FIGURE 6.21 Diagram of a stimulus-response model with feedback

As per � gure 6.21, the components of a stimulus-response model are as 
follows:
1. Stimulus. A stimulus is a change, either an increase or a decrease, in the 

level of an internal variable. 
2. Receptor. A receptor is the structure that detects the change and sends infor-

mation to the control centre. 

FIGURE 6.19 Reptiles rely 
on the external heat of the 
sun for their body heat, while 
mammals rely on internal heat 
from their own metabolism.

FIGURE 6.20 A false coloured 
thermographic image taken 
with an infra-red camera. This 
image shows the heat energy 
(infra-red radiation) emitted 
from a mammal (rat) and from 
a reptile (snake). Note the very 
different heat signatures of the 
rat and the snake. How would 
the image change, if at all, if the 
snake had basked in the sun 
before the image was taken?UNCORRECTED P
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3. Modulator or control centre. Th e control centre evaluates the change against 
the set point for that variable and sends signals to the eff ector about the cor-
rection needed. If a variable has increased above its set point, the correction 
will be to decrease the level of the variable. If the variable has decreased 
below its set point, the correction needed will be an increase in the level of 
the variable.

In the human body, the control centre is typically the hypothalamus of 
the brain.

4. Eff ector. Th e eff ector adjusts its output to make the required correction.
5. Response. Th e response is the corrective action taken. 

When the response feeds back to and counteracts the change in the variable, 
it is called negative feedback.

A negative feedback system is a process in which the body senses a change 
in a variable and activates mechanisms to reverse the change so that internal 
conditions within the body are maintained within narrow limits. A key feature 
of a negative feedback system is that the response is opposite in direction to 
that of the original stimulus. So, if the stimulus is an increase in a variable, 
such as an increase in body temperature, then the response is a decrease in 
the same variable. Negative feedback is an important control mechanism in 
almost all processes of homeostatic regulation.

Figure 6.22 shows a highly simplifi ed negative feedback system. A stimulus 
such as a fall in body temperature produces a shivering response that produces 
metabolic heat that raises the body temperature. Th is response counteracts the 
original stimulus, returning the body temperature to within the normal range. 
As a result, shivering stops. (You would not want to continue shivering and 
producing more heat once your body temperature was back to normal, other-
wise you would run the risk of overheating.)

Fall in body
temperature

Shivering

(b)

Stimulus

Response

(a)

fIGuRe 6.22 Negative feedback loop (a) Diagram showing a 
highly simplifi ed generalised negative feedback system in which a 
change in a variable acts as a stimulus that produces a response 
to counteract the original change and return the variable to normal 
levels (b) Diagram showing the shivering response to the stimulus 
of a drop in body temperature. The shivering response generates 
body heat and so counteracts and removes the stimulus. (The 
negative sign denotes the lessening or reversing of the original 
change.)
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unit 1 Negative 
feedback
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In most cases, the feedback is negative and counteracts the stimulus. 
However, feedback can also be positive. A feedback system is a cycle of 
continuing change in which an original change is increasingly ampli-
fi ed. As a result, positive feedback increases the deviation from an ideal 
normal value. Unlike negative feedback, which maintains the levels of 
variables within narrow ranges, positive feedback is rarely used to maintain 
homeostasis.

Positive feedback is involved in the process of childbirth. During labour, as a 
baby starts its journey from its mother’s uterus, the hormone oxytocin is pro-
duced. Th e action of oxytocin is to increase the contractions of the wall of the 
uterus. Th e cervix at the exit of the uterus has pressure receptors that are stim-
ulated by pressure from the baby’s head. Th e pressure receptors send signals 
to the brain to produce oxytocin. Th e oxytocin travels via the bloodsteam to 
the uterus, stimulating even stronger contractions of the wall of the uterus. Th e 
increased rate of contractions causes the release of more oxytocin, creating a 
positive feedback cycle that leads to even greater contractions (see fi gure 6.23). 
Th is cycle continues, producing more and stronger contractions that continue 
until the baby is born.

temperature: too cold
As discussed above, the normal core temperature of the human body at rest is 
about 37 °C but it can vary within a range from 36−39 °C, and keeping the body 
temperature within this normal range involves a process called thermoregu-
lation. When heat gain by the body and heat loss from the body are in balance, the 
body temperature will be maintained within its normal limits. Th is occurs when: 

heat gain = heat loss or heat gain − heat loss = 0

Th ermoregulation is important because each species has a preferred tem-
perature range for the optimal functioning of the enzymes involved in its 
metabolism. 

If the human body temperature falls below 35 °C, a state of hypothermia 
begins. Normally, if the core body temperature of a person falls below its 
narrow range, homeostatic mechanisms come into operation to correct 
the situation and restore the temperature to within its range. If a person 
is in a cold environment with light clothing only, heat gain and heat loss 
are out of balance, with heat loss being in excess of heat gain. As a result, 
the core body temperature falls. In these circumstances, the drop in core 
temperature is detected and acts as a stimulus that produces a response to 
reverse the change in body temperature in a process that involves negative 
feedback.

Figure 6.24 shows an outline of events that occur when the core body tem-
perature falls. A fall in body temperature is the stimulus that is detected and 
processed by the hypothalamus through its temperature set point. When 
the temperature falls below this set point, the hypothalamus signals a range 
of automatic ‘heating-up’ instructions for eff ectors. Th ese eff ectors are the 
thyroid gland, arterioles in the skin and skeletal muscles. Some responses 
by the eff ectors reduce heat loss from the body, for example, the vasocon-
striction that diverts blood through shunt vessels away from the skin sur-
face. Other responses increase metabolic heat production, for example, the 
production of the hormone thyroxine by the thyroid gland, which boosts 
the metabolic rate of body cells. What is the role of the shivering response 
in raising the body temperature? Th ese responses are part of a homeostatic 
mechanism that acts to raise the core temperature back to within its normal 
limits.

We can summarise the homeostatic mechanisms that correct a fall in body 
temperature as a stimulus-response with negative feedback (see fi gure 6.25 
p. 257). Th e response reverses the stimulus and so acts as negative feedback.

Posterior
pituitary
gland

Uterine
contraction

Cervical
stretch

Oxytocin

Baby’s 
head

pushing 
downward

fIGuRe 6.23 Positive 
feedback system in which 
oxytocin produced by the 
posterior pituitary gland 
stimulates contraction of the 
uterus and also stimulates 
the pituitary gland to produce 
even more of the hormone. 
Note the positive feedback 
nature of the inputs.
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Cold environment

Heat loss increases

Body temperature falls

Hypothalamus receives information
about temperature fall.

Motor neurons relay messages.

Reduced heat loss Increased heat production

Body temperature rises

General increase
in metabolism

Skin arterioles constrict, 
diverting blood to deeper

tissues, reducing heat
loss from the skin surface.

Skin arterioles constrict, 
diverting blood to deeper

tissues, reducing heat
loss from the skin surface.

Thermostat in hypothalamus 
activates ‘warming-up’ mechanisms.

Skeletal muscles are
activated; shivering

generates heat.

Behavioural changes
such as adding

clothing or jumping
up and down Thyroid produces

thyroxine.

Neurosecretory cells in
hypothalamus produce TRH.

Anterior pituitary gland
produces TSH.

TRH

TSH

fIGuRe 6.24 Responses to the stimulus of a fall in body temperature. Hormones involved are thyroid-releasing 
hormone (TRH) from the hypothalamus, thyroid-stimulating hormone (TSH) from the pituitary gland and thyroxine 
from the thyroid gland.

temperature: too hot
Th e core body temperature of a person can increase outside the normal 
range. If the core body temperature rises above 39 °C, a state of hyperthermia 
has started. Core temperature may rise above the normal narrow range, for 
example, when a person is exposed to a hot environment for an extended 
period or when a person engages in strenuous physical activity for a lengthy 
period. Th ese situations involve an imbalance between heat gain and heat 
loss, with heat gain being in excess of heat loss. As a result, heat builds up in 
the deep body tissues, raising the core body temperature. 

In these circumstances, the increase in core body temperature is the stimulus 
that starts the homeostatic mechanisms that will lower the temperature to 
within the normal narrow range. Th e stimulus is detected by heat receptors in 
the skin and various organs and is processed by the hypothalamus. Because 
the stimulus is a rise in temperature above its set point, the hypothalamus sig-
nals a range of automatic ‘cooling down’ instructions for eff ectors. Th ese eff ec-
tors include arterioles of blood vessels close to the skin surface and sweat 
glands in the skin. Th e result is vasodilation, which increases blood fl ow to the 
skin, and sweating, which is a source of evaporative cooling. Figure 6.26 shows 
a stimulus-response model for an increase in core body temperature.
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normal

Decrease detected by
thermoreceptors in skin,

organs and hypothalamus
of brain

Hypothalamus sends signals
via nerve and hormonal
systems to effectors.

3  Modulator
or control centre

• Shivering
• Vasoconstriction of skin
    vessels
• Behavioural changes
• Increased metabolic rate

• Skeletal muscles
• Blood vessels in skin
• Cerebral cortex
• Body cells

FIGURE 6.25 Diagram showing a stimulus-response model for a drop in core body temperature. The 
fall in temperature stimulates various responses that act to restore the core body temperature to within 
its narrow range. 

1  Stimulus
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5  Response 4  Effectors

2  Receptor

Increase in body
temperature above normal

Increase detected by
thermoreceptors in skin,

organs and hypothalamus

Hypothalamus sends
signals via nerve and

hormones to effectors.

3  Modulator
or control centre

• Increase in sweating
• Vasodilation of skin vessels
• Behavioural changes
• Decreased metabolic rate

• Sweat glands
• Blood vessels in skin
• Cerebral cortex
• Body cells

FIGURE 6.26 Diagram showing a stimulus-response model for an increase in core body temperature. 
The increase in core temperature stimulates various heat loss or cooling responses that act to restore 
the core temperature to within its narrow range.
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When homeostasis fails: heat stroke
The core body temperature of a person may increase outside the normal range 
under abnormal conditions, for example, extended exposure to unusually 
hot environmental conditions or excessive physical activity over a prolonged 
period. Under these conditions, the homeostatic mechanisms of the body can 
fail, resulting in an uncontrolled increase in core body temperature. As this 
starts, heat cramps are experienced, then heat exhaustion and, if the heat gain 
continues, the critical and potentially deadly situation of heat stroke may occur. 
What can happen in the desert?
In the peak daytime temperatures of a desert (45 °C plus), the ambient tem-
perature is higher than the normal human body temperature (36–39 °C). In 
this situation, the body gains heat by:
•	 conduction from the hot air and ground in direct contact with a person 
•	 heat radiated from the air, the ground and any other objects in the person’s 

environment 
•	 convection, if hot winds are blowing. 

In addition, any physical activity produces metabolic heat that adds to the 
person’s heat gain. These various sources of heat gain cause a person’s core 
body temperature to increase.

If the core body temperature rises, homeostatic mechanisms normally 
operate to lower the body temperature and return it to within the normal range. 
The major mechanism involved is evaporative cooling. To achieve cooling, the 
blood flow to vessels close to the skin is increased and sweat is produced by 
the sweat glands. Evaporative cooling removes heat from the warm blood in 
vessels close to the skin surface. This warm blood has come from the body core 
and, after being cooled, it returns to the body core, thus cooling the body. 

However, in the searing heat of a desert during daytime, evaporative cooling, 
even at its maximum, may not be sufficient to reduce the body temperature. In 
trying to cool the body in the desert heat, the blood flow to the skin is very 
greatly increased. This means that the blood flow to vital organs is greatly 
decreased and, as a result:
•	 the decreased blood flow to the brain can cause dizziness and confusion
•	 the decreased blood flow to the gut can cause nausea and vomiting.

As evaporative cooling becomes less effective, the heat store in the body 
core continues to build because heat gain is greater than heat loss. As a result, 
the core body temperature rises and a condition termed hyperthermia results. 

In an attempt to reverse the hyperthermia and return the core body tempera-
ture to normal, the sweat glands produce even more sweat. Sweating causes fluid 
loss that, in hot conditions, can occur at the rate of several litres per hour. If this 
fluid loss continues without being replaced, dehydration results. Excess sweating 
causes not only water loss but also the loss of salts. When a person is dehydrated, 
the water content of the blood is decreased. This decrease reduces the volume of 
blood in the circulatory system and this, in turn, causes a drop in blood pressure.

The combined effects of hyperthermia and dehydration initially produce 
the condition of heat exhaustion. The symptoms of heat exhaustion include 
extreme fatigue, profuse sweating, weakness, muscle cramps, an abnormally 
rapid heart rate, dizziness, headache, nausea and a drop in blood pressure.

The drop in blood pressure worsens the situation. When blood pressure falls, 
a homeostatic mechanism is normally activated to raise it to normal levels. 
This mechanism acts by stopping the blood flow to the skin and re-directing 
the blood to the major circulation in the body core. However, evaporation can 
cool the blood only in vessels close to the skin. Stopping the blood flow to the 
skin stops the movement of warm blood from the core to the skin so that it 
cannot be cooled. In a person suffering from heat exhaustion, this reflex mech-
anism causes a further rise in core body temperature. Evaporative cooling at 
this stage can affect only the body surface, not the core temperature. 

Interactivity
Homeostasis and blood pressure
int-3034

Odd fact

Sweat is composed of water 
and several electrolytes, 
in particular sodium. 
Excessive sweating, without 
fluid replacement, leads 
to dehydration and to 
an imbalance in the ions 
(electrolytes) in the blood, 
such as sodium (Na+) and 
chloride (Cl−). This electrolyte 
imbalance can cause muscle 
cramps, irregular heartbeat, 
dizziness and mental 
confusion.
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The situation of the person with heat exhaustion can get even worse! As 
dehydration becomes more severe, the body can no longer produce sweat. At 
this stage, the major cooling mechanisms of the body have completely stopped. 
The homeostatic mechanisms that normally control body temperature have 
been overwhelmed and have ceased. Heat loss now equals zero. However, 
heat gain through metabolic heat and gain of environmental heat continues. 
 Consequently, the core body temperature continues to increase in an uncon-
trolled manner. The situation of heat exhaustion has now developed into heat 
stroke, a critical and life-threatening condition. Symptoms of heat stroke 
include high core body temperature in excess of 41 °C, slurred speech, halluci-
nations, and multiple organ damage. Unless corrected, death is inevitable.

Death from heat stroke occurs in desert environments where people walk 
long distances in the heat of the day, without water, but generating metabolic 
heat and gaining environmental heat. This type of situation may have occurred 
in the unfortunate death of Mauritz Pieterse in the Gibson Desert in 2012 and 
the near-death of his companion, Josh Hayes. Deaths in the desert inevitably 
involve hyperthermia with associated dehydration at levels that lead to the 
failure of the normal processes of homeostatic regulation. 

Homeostasis can also fail in other situations in which excessive internal heat 
is produced so that heat gain is greater than heat loss and where measures 
to prevent dehydration are not in place. These situations include endurance 
events, such as triathlons and fun runs, and occupations in which strenuous 
physical labour is involved.

In mass participation runs in Australia, care is taken to ensure that partici-
pants do not risk heat exhaustion, and expert medical supervision is on hand. 
These events include the City2Sea run in Melbourne and the City2Surf road 
running event over 14 km in Sydney. 

Read what one participant in the Sydney City2Surf run does to avoid heat 
exhaustion:

When I run, I wear a painter’s cap in which I place a bag of ice cubes, and I con-
tinually soak the cap with water. I never pass a water station without stopping 
to drink two full glasses and pour one over my head. Wherever there is a hose, 
I run through the spray, and I carry a cup in the hope that I can fill it with water. 
And I purposely run 15 to 30 seconds per mile slower than my usual time.

When homeostasis fails: hypothermia
Extreme cold can kill. Homeostasis can fail when people are exposed to very 
cold temperatures. When the core body temperature falls below the normal 
range and when the homeostatic mechanisms designed to maintain core body 
temperature fail, a person can be at risk of death from hypothermia (hypo = 
below; thermos = heat). 

Several forms of hypothermia are recognised:
•	 Acute hypothermia occurs when a person is suddenly exposed to extreme 

cold, such as immersion in cold water. This was the situation for hundreds of 
passengers on board the ill-fated RMS Titanic that sank in the North Atlantic 
Ocean in April 1912. The water temperature on that evening is thought to 
have been just above −2 °C. Those passengers who could not get into life 
boats and were immersed in the ocean died quickly from hypothermia. 
(Ocean water freezes at a lower temperature than fresh water.) Other people 
at risk of acute hypothermia are those who are caught suddenly unprepared 
and exposed to cold conditions. 

•	 Exhaustion hypothermia occurs when a person is exposed to a cold 
environment, is exhausted, and does not have sufficient food. As a result, 
such persons cannot generate sufficient metabolic heat to compensate for 
their loss of heat and their core body temperature falls. Antarctic explorers 
and mountaineers climbing for days at high altitude on Earth’s highest 
mountains are at risk of exhaustion hypothermia. 

Odd fact

Heat stroke is the second 
most common cause of death 
among athletes in the United 
States.
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Th e fi rst signs of hypothermia are shivering, numbness in the hands and feet, 
and loss of manual dexterity. As the core body temperature continues to fall, 
shivering becomes more violent, muscle coordination decreases, and thinking 
becomes confused and even irrational. When hypothermia approaches an 
extreme level, the metabolic rate is so low that it cannot fuel muscle contrac-
tion so that shivering stops, the heart rate and the breathing rate slow to very 
low levels, and the person loses consciousness. Finally when the core body 
temperature drops to less than 21 °C, the heart stops and death occurs. 

Some military campaigns have been lost not by defeat in battle, but by hypo-
thermia. In June 1812, an army of more than 680  000 men under the con-
trol of French Emperor Napoleon invaded Russia. Th ey reached Moscow in 
 September of that year. Finding a deserted city, lacking supplies and faced with 
the oncoming winter, Napoleon and his now starving troops had no option 
but to retreat so they left the city in October 1812. Th e retreat was chaotic (see 
fi gure 6.27) with hundreds of thousands of French soldiers dying from attacks 
by Russian troops, from the cold and from hunger. 

fIGuRe 6.27 Cold and 
starving stragglers of the 
French Army in the disastrous 
retreat from Moscow during 
October to December 1812

Th e following is a description written by a French doctor on the eff ects of the 
cold on the retreating French soldiers:

.  .  .  some, pale and depressed by inanition [exhaustion from lack of food] 
swooned away and died, stretched on the snow. Others  .  .  .  were seized by 
shivering to which quickly succeeded languor and propensity to sleep. Th ey 
were seen walking insensible and ignorant where they went: scarcely could 
you succeed in making them understand a few words  .  .  .  In a word, when 
no longer able to continue walking, having neither power nor will, they fell 
on their knees. Th e muscles of the trunk were the last to lose the power of 
contraction. Many of those unfortunates remained some time in that posture 
contending against death. Once fallen, it was impossible for them with their 
utmost eff orts to rise again  .  .  .  Th eir pulse was small and imperceptible; res-
piration, infrequent and scarcely perceptible in some, was attended in others 
by complaints and groans. Sometimes the eye was open, fi xed, dull, wild, and 
the brain was seized by quiet delirium.  .  .

Source: Pierre Jean Moricheau-Beaupré, A treatise on the Eff ects and Properties 
of Cold, with a Sketch, Historical and Medical, of the Russian Campaign, tr. 

by J Clendinning, Oxford University, 1826.

failure of homeostasis: thyroid disorders
Th e thyroid gland produces the hormone thyroxine in response to the 
release of thyroid-stimulating hormone (TSH) from the pituitary gland. Th y-
roxine directly aff ects the metabolic rate and the cardiovascular function 
of a person. If thyroxine levels in the blood are too high, the metabolic rate 

Odd fact

The human body is more 
tolerant of a drop in body 
temperature below the 
normal range than a rise 
in temperature. However, 
once the body temperature 
falls below 21 °C, death will 
inevitably result.

Odd fact

In some medical situations, 
a patient may be deliberately 
placed in a hypothermic 
state, for example, after a 
heart attack or during open 
heart surgery when the blood 
is diverted and bypasses the 
body.

UNCORRECTED P
AGE P

ROOFS
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increases, but if too low, the metabolic rate falls. Severe metabolic disorders 
arise when the thyroid gland is overactive, producing excessive amounts of 
thyroxine or when it is underactive, producing insuffi  cient amounts of the 
hormone. 

An overactive thyroid gland results in an increase in the basal metabolic 
rate of an aff ected person — a condition known as hyperthyroidism. A person 
with hyperthyroidism will show many symptoms including an increase in the 
resting heat rate, an elevated body temperature, an increase in appetite, unex-
plained weight loss, sensitivity to and sweating in warm conditions and rela-
tive insensitivity to cold conditions (see fi gure 6.28). Th is condition may be the 
result of the growth of nodules on the thyroid or local infl ammation; genetic 
factors can also predispose a person to hyperthyroidism. 

Management of hyperthyroidism may involve surgical removal of part of the 
thyroid gland or the administration of anti-thyroid medication that interferes 
with the ability of the thyroid gland to take up iodine from the blood. Iodine 
is an essential component of thyroxine (see fi gure 6.29). Carbimazole is one 
such anti-thyroid medication. Carbimazole is converted to an active form in 
the body and it prevents the precursor of thyroxine from binding the iodine 
atoms that are needed to produce active thyroxine. 

Thyroid hormones

Thyroxine (T4)

HO

I I

I

IHO O

NH2

O

Triiodothyronine (T3)

HO

I

I

I

HO O

NH2

O

(a)

(b)

fIGuRe 6.29 (a) Molecular 
structure of the hormone, 
thyroxine. Note the four iodine 
atoms that form part of its 
structure. (b) Carbimazole, an 
anti-thyroid medicine 

fIGuRe 6.28 Which person is 
suffering from hyperthyroidism?
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In contrast, the thyroid gland can become underactive, producing a con-
dition known as hypothyroidism. In hypothyroidism, the metabolic rate of 
the body falls below normal. Symptoms of hypothyroidism include sensitivity 
to the cold, lethargy, and unexpected weight gain. Hormone replacement by 
administration of thyroxine tablets is used in the treatment of hypothyroidism.

Hypothyroidism can occur in people when their long-term diet is chroni-
cally de� cient in iodine. In the past, this could occur in a person living well 
away from the sea and whose diet lacked iodine-rich foods, in particular, sea-
food. � ese people often showed extreme swelling of the thyroid gland, a con-
dition known as goitre (see � gure 6.30).

FIGURE 6.30 This image shows a severe case of goitre in a woman. 
The goitre most probably resulted from an iodine-de� cient diet over the 
course of the woman’s life. 

� e enlargement of the thyroid gland in goitre is an attempt to respond to the 
signal to produce more thyroxine that comes from the thyroid-stimulating hor-
mone (TSH) released by the pituitary gland. Normally, when thyroxine is pro-
duced in adequate amounts, this acts as a negative feedback mechanism on 
the pituitary gland and stops the production of TSH (see � gure 6.31).  However, 
in untreated hypothyroidism, this negative feedback cannot occur and so the 
pituitary gland continues to release TSH. 

Since October 2009, Australian bread manufacturers have been required to 
use iodised salt in place of non-iodised salt, making bread iodine-forti� ed. � is 
regulation was made by Food Standards Australia New Zealand (FSANZ) in 
response to the � nding that large numbers of adults and children do not have 
the recommended intake of iodine. Iodised salt can also be used in the manu-
facturing of other foods and, when this occurs, it is noted in the ingredient list 
of the food label.

If thyroid de� ciency is present during fetal development and from birth, 
this condition is termed congenital hypothyroidism. If untreated, the 
a� ected child shows severe defects in both mental development and physical 
growth. � is condition may arise as a result of hypothyroidism in the mother. 
 Successful treatment of congenital hypothyroisdism depends on early diag-
nosis and treatment with thyroxine.

Thyroid gland

Thyrotropin-releasing
hormone (TRH)

Hypothalamus

Thyroid-stimulating
hormone (TSH)

Pituitary gland

Thyroxine

FIGURE 6.31 Negative 
feedback from the thyroxine 
hormone produced by the 
thyroid gland stops the release 
of thyroid-stimuating hormone 
by the pituitary gland. In 
hypothyroidism, the levels of 
thyroxine are not suf� cient 
to provide this negative 
feedback, so the release of 
TSH continues. The result is 
an enlargement of the thyroid.
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key Ideas

 ■ Homeostasis is the maintenance within a narrow range of conditions in the 
internal environment.

 ■ Body temperature is a highly regulated variable in mammals. 
 ■ When the core body temperature rises above normal, homeostatic 
mechanisms operate to increase heat loss and decrease heat gain.

 ■ When the core body temperature drops below normal, homeostatic 
mechanisms operate to increase heat gain and decrease heat loss.

 ■ Homeostatic mechanisms can be overwhelmed in extremely hot and 
extremely cold conditions. 

 ■ The thyroid hormone thyroxine plays a role in homeostatic regulation 
through its action on metabolic rate.

QuIck check

3 Identify whether each of the following statements is true or false.
a Core body temperature is a highly regulated variable in all animals.
b The main source of body heat in reptiles is external, while that of 

mammals is internal.
c Warming mechanisms that come into action when the core body 

temperature falls include shivering and an increase in metabolic rate.
d A major cooling mechanism for the human body is evaporative cooling.
e In heat stroke, sweating stops.

4 Give an example of one symptom associated with each of the following 
conditions and briefly explain why this symptom appears. 
a Hyperthermia
b Hypothyroidism

regulating body fluids
Water is the most common compound present in all living organisms, including 
the human body. This water is present mainly as the intracellular fluid of the 
cytosol. The remaining water is found in the interstitial fluid that bathes cells, 
and in the plasma of the blood. These fluids are not pure water but contain 
many solutes, that is, compounds in solution. 

In the human body, the metabolic reactions essential for living occur in the 
aqueous medium of cells. In addition, water is essential for many functions: 
•	 The absorption of nutrients from the alimentary canal depends on their 

being water-soluble.
•	 The watery plasma of the bloodstream transports digested nutrients to cells 

and also circulates the red blood cells that carry oxygen to cells.
•	 Wastes are excreted from the body via the kidney in solution in aqueous urine.
•	 Sweating helps cool the body during periods of exercise and in hot 

environments.
•	 Water acts as a cushioning fluid around the brain (cerebrospinal fluid) and 

in joints (synovial fluid). 
•	 Water acts as a lubricant for the mucous membranes that line the airways 

and the passages of the alimentary canal.
In chapter 4, the sources of water gain and water loss were identified:
•	 Water is gained externally from the fluids we drink and the fluid content of 

foods we ingest. A second source of water is gained internally from meta-
bolic water. 

•	 Water is lost from the lungs, skin (via pores and from sweat), gut (from 
faeces) and mainly from the kidneys, with the average daily loss being about 
2.5 litres. 

eLesson
Mechanisms of membrane transport
eles–2463
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Because the human body does not store water, any water loss must be com-
pensated by water gain to ensure balance. Normally, a balance exists between 
water intake and water loss, which may be shown as follows:

water intake + metabolic water − water loss = 0

For a healthy person, this translates as the formula shown in fi gure 6.32.

Intake
2.2 L/day

Metabolic
production
0.3 L/day

Output
(0.9 + 1.5 + 0.1)

L/day
+ – = 0

fIGuRe 6.32 Water gain/loss balance in a healthy 
person

Th e water content of the human body can become unbalanced. Th e level of 
water may become too low because of an excessive loss of water (such as may 
occur due to excessive sweating in hot conditions), because of having an inad-
equate intake of fl uids, or because of an abnormal loss of body fl uids (such as 
may occur with the uncontrolled diarrhoea that accompanies cholera). Like-
wise, the water levels in the body can become too high because of impaired 
kidney function that produces insuffi  cient urine or because of drinking 
excessive amounts of water.

Water balance is closely associated with the concentration of mineral salts 
(electrolytes), such as sodium and potassium in the blood. When water levels 
in the body are unbalanced, electrolyte levels are also unbalanced.

Th is is because the body water is not just water, but 
is a complex solution of dissolved solutes. When the 
level of body water falls, the concentration of these 
solutes increases. When the water level in the body 
is high, the concentration of these dissolved solutes 
becomes lower (see fi gure 6.33).

Th e concentration of fl uids in the human body 
is regulated, that is, kept within a narrow range, by 
homeostatic mechanisms. Th e regulation of body 
fl uids is called osmoregulation. Osmoregulation is 
the process of controlling the water content of the 
human body and its solute concentration.

An important function of osmoregulation is to 
ensure that the water content of the body is in bal-
ance, so that the body fl uids do not become too 
concentrated or too diluted. If, for example, the inter-
stitial fl uid that bathes cells becomes too diluted, this 
will cause water loss from the cells because water will 
move by osmosis from inside the cells to the inter-
stitial fl uid.

Let’s now look at one component of osmoregu-
lation, that is, the regulation of water levels in the 
human body.

Water levels: too low
When water levels in the body fall below the normal 
level, the concentration of dissolved compounds 

Odd fact

A psychiatric disorder that 
causes people to drink 
excessive amounts of 
water is called psychogenic 
polydipsia. This disorder can 
lead to low sodium levels in 
the blood.

unit 1 Water balance
Concept summary 
and practice 
questions

aOs 2

topic 1

concept 9

(a)

(b)

Add water

Remove water

fIGuRe 6.33 (a) When water is added to a solution, it 
dilutes the solution, making it less concentrated. 
(b) When the water content in a solution is lowered, this 
makes the solution more concentrated. 
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( solutes) in body fl uids rises. In order to restore the balance, homeostatic 
mechanisms are activated.

Figure 6.34 shows an outline of events that occur when the water levels in 
the body are too low. Th is causes the concentration of dissolved solutes in 
body fl uids, including the blood, to rise. Th e drop in water level and rise in 
solute concentration in the blood is the stimulus that is detected by osmoregu-
lator cells in the hypothalamus as blood circulates through the brain. Th ese 
cells monitor the osmolarity, or concentration of solutes, in the blood plasma 
against a set point. In this case, the water levels are low, so the concentration of 
dissolved solutes is too high and is above the set point. 

1  Stimulus

5  Response 4  Effectors

2  Receptor

Osmoreceptors in
hypothalamus
detect change.

Hypothalamus sends:
1. signals release of
    hormone (ADH)
2. signal from thirst centre.

3  Modulator
or control centre

• Increased reabsorption of
   water from kidney tubules
• Decreased urine volume
• Water intake by drinking

• Decrease in water level
• Increase in solute
   concentration of body
   �uids

• Kidney tubules become
    more permeable to water.
• Thirst behaviour is
    stimulated.

Fe
ed

b
ac

k

fIGuRe 6.34 Diagram showing a stimulus-response model for a drop in body water levels that 
causes the concentration of dissolved solutes in the body fl uid to increase. The change stimulates 
responses that act to restore the water level to within its narrow range, and so restore the normal 
concentration of body fl uids.

Th e hypothalamus identifi es the corrective actions required and sends signals 
to eff ectors that take action as follows:
1. Th e hypothalamus sends a signal to the pituitary gland to release 

antidiuretic hormone (ADH).
Th e antidiuretic hormone travels though the bloodstream to the kidney 

where it acts on cells lining the collecting ducts of the kidney and makes 
them more permeable to water. Th is means that the reabsorption of water 
back into the blood is increased. As a result, the volume of urine produced 
falls. When a person is extremely dehydrated, the urine produced by that 
person is low in volume and dark yellow in colour.

2. Th e thirst centre of the hypothalamus sends a signal that stimulates the sen-
sation of thirst, which motivates a person to drink fl uids. Th e urge to drink 
becomes stronger as the body’s need for water increases.

Under normal conditions, these responses counteract the drop in water level 
and restore the normal balance of water level (and concentration of dissolved 
solutes in the body fl uids). 
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Water levels: too high
When water levels in the body increase above normal, the concentration of 
dissolved compounds (solutes) in body fl uids drops. In order to restore the 
balance, homeostatic mechanisms are activated.

Figure 6.35 shows an outline of events that occur when the water levels in 
the body are too high. Water levels that are too high dilute the body fl uids, 
causing the concentration of dissolved solutes in body fl uids to drop. Th e rise 
in water level and the drop in solute concentration becomes the stimulus that 
will initiate homeostatic mechanisms to correct this situation and restore the 
normal balance. 

1  Stimulus

5  Response 4  Effectors

2  Receptor

Osmoregulators in
hypothalamus

Hypothalamus sends
signal to inhibit release

of ADH hormone.

3  Modulator
or control centre

• Decreased reabsorption of
   water from kidney tubules
• Increased urine volume
    to expel water

• Increase in water level
• Decrease in solute
   concentration of body
   �uids

Kidney tubules become
less permeable to water.

Fe
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b
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k

fIGuRe 6.35 Diagram showing a stimulus-response model for an increase in body water levels that 
dilutes the body fl uids and causes the concentration of dissolved solutes in the body fl uid to fall. 
The change stimulates responses that act to restore the water level to within its narrow range and so 
restore the normal concentration of body fl uids.

Th is stimulus is detected by osmoregulator cells in the hypothalamus as 
blood circulates through the brain.

Th e hypothalamus identifi es that corrective actions are required, namely that 
water levels in the body must increase, and signals this to eff ectors. A signal from 
the hypothalamus to the pituitary gland results in the inhibition of the release 
of ADH. When ADH is not present, the collecting ducts of the kidneys become 
impermeable to water so that water reabsorption from the kidneys back into 
the blood is reduced, and greater volumes of urine are produced. In addition, 
the sensation of thirst from the thirst centre in the hypothalamus is suppressed. 
(Although people may still drink fl uids in this case, it is not due to feeling 
thirsty, but rather because of habit or social practices such as having an after-
noon coff ee with friends.)

Th ese responses counteract the increase in water level in the body and 
restore both the water levels and the concentration of dissolved solutes in the 
body fl uids back to within narrow limits.
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key Ideas

 ■ Water levels and solute concentrations of body fl uids in the human body 
are under homeostatic regulation.

 ■ When water levels fall, the solute concentrations of body fl uids increase. 
 ■ The kidney is a key organ in maintaining water levels within the body at 
appropriate settings.

QuIck check

5 Identify a homeostatic mechanism that will result in:
a preventing water loss from the body
b decreasing the concentration of solutes in body fl uids
c increasing water gain by the body.

6 Where does the thirst stimulus originate? 
7 What is the site of action of antidiuretic hormone (ADH)?

regulating blood glucose levels
Glucose is the fuel that provides energy for the functioning of cells. Th rough the 
process of cellular respiration, glucose is broken down to carbon dioxide and water 
and its chemical energy is transferred to ATP (refer to chapter 3, page 91). Glucose 
is obtained in the food that we eat and it is distributed to cells in solution in the 
plasma of the blood. Th e level of glucose in the blood is highly regulated, with 
homeostatic mechanisms keeping blood glucose levels within narrow limits. 

Th e blood glucose level in a healthy person who is fasting is typically 
between 3.9 and 5.5 millimoles per litre (mmol/L). Regardless of what a person 
eats, blood glucose levels are normally back under 5.5 mmol/L within about 
two  hours of eating a meal. Blood glucose levels can be monitored using a 
digital mini-glucometer (see fi gure 6.36).

Two hormones are important in the homeostatic regulation of blood glucose 
levels: insulin and glucagon. Both hormones are produced in the pancreas 
by special cells called the islets of Langerhans. Insulin is produced by the beta 
cells and glucagon is produced by the alpha cells in these islets.

Figure 6.37a shows a section through pancreatic tissue that includes an 
islet of Langerhans. Examine fi gure 6.37b, which shows details of one islet of 
Langerhans. Th e islet is surrounded by a ring of red-stained cells that produce 
the pancreatic digestive enzymes. Within the islet can be seen many beta cells 
(yellow with a red nucleus) that secrete insulin, and a small number of alpha 
cells (red with a red nucleus) that secrete glucagon. 

Insulin facilitates the transport of glucose into some body cells, especially fat 
cells, muscle cells and red blood cells. Glucagon has an opposite eff ect by acting 
on liver cells, causing them to mobilise their glycogen store and release glucose. 
Glucagon also stimulates the production of glucose by the liver cells, using building 
blocks obtained from other nutrients found in the body, for example, protein.

blood glucose levels: too low
If the blood glucose level falls below normal, this stimulus is detected by the 
pancreas and the following responses occur: 
1. Th e alpha cells of the pancreas (see fi gure 6.38) increase their production 

of the hormone glucagon. Glucagon acts on liver cells, stimulating the con-
version of the storage polysaccharide, glycogen, to glucose that is released 
into the bloodstream. Glucagon also stimulates the synthesis of new glu-
cose from other compounds in cells, such as amino acids.

2. Th e beta cells of the pancreas decrease their production of insulin so that 
the uptake of glucose from the blood into body cells is reduced. 

fIGuRe 6.36 A digital 
glucometer can be used to 
measure the blood glucose 
level using a tiny drop of 
blood from a fi nger prick.

unit 1 blood glucose 
regulation
Concept summary 
and practice 
questions

aOs 2

topic 1

concept 8

Odd fact

The structure of insulin 
was identifi ed by Dorothy 
Crowfoot Hodgkin (1910–94) 
who was awarded the Nobel 
Prize in Chemistry in 1964.
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(a) (b)

fIGuRe 6.37 (a) Section through pancreas tissue showing one islet of Langerhans (the pale circle, lower left). The islets 
are clumps of secretory cells that form part of the hormone system. The islets also contain nerve cells that infl uence 
insulin and glucagon secretion. (b) Groups of cells in the islet of Langerhans (yellow) surrounded by acini cells (pink). 
Note the large numbers of beta cells (yellow), which secrete insulin, alpha cells (red), which secrete glucagon, and delta 
cells (blue), which secrete somatostatin and gastrin. The circle of acini cells (pink) produces the pancreatic digestive 
enzymes.

Th e combined eff ect of these two responses is an increase in the blood glu-
cose level. Th e increase in glucose levels acts as a negative feedback mech-
anism counteracting the initial stimulus and stopping the response of the 
alpha cells. 

1  Stimulus

5  Response
4  Effectors

2  Receptor

Alpha cells of pancreas

Alpha cells of the pancreas
secrete the hormone

glucagon.

3  Modulator
or control centre

• Liver cells release
    glucose from glycogen.
• Other cells make glucose.

Decrease in blood glucose

Liver cells and body cells
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b
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k

fIGuRe 6.38 Diagram showing a stimulus-response model for a decrease in blood glucose levels. 
The decrease stimulates responses that act to increase the glucose level to within its narrow range.

UNCORRECTED P
AGE P

ROOFS



269CHaPter 6 Survival through regulation

blood glucose levels: too high
If glucose levels in the blood increase above the normal range, glucose must 
be shifted from the blood into the liver and muscle where it is stored as the 
polysaccharide, glycogen.

When blood glucose levels rise above normal limits, the beta cells of the 
pancreas detect this increase and initiate a response in which insulin pro-
duction is increased and glucagon production is decreased (see fi gure 6.39). 
Th e increase in the circulating hormone, insulin, acts on body cells, facili-
tating their uptake of glucose from the blood into body cells, especially 
muscle and fat cells. 

1  Stimulus

5  Response
4  Effectors

2  Receptor

Beta cells of pancreas

• Insulin-sensitive cells of
 hypothalamus
• Beta cells of the pancreas
 secrete the hormone insulin.

3  Modulator
or control centre

Decrease in blood glucose by:
• uptake by liver cells and
 conversion to glycogen
• uptake by body cells

Increase in blood glucose

Liver cells and body cells

Fe
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b
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k

fIGuRe 6.39 Diagram showing a stimulus-response model for an increase in blood glucose 
levels. The increase stimulates responses that act to restore the glucose level to within its narrow 
range.

Insulin molecules bind to receptors on the plasma membrane of cells. Th e 
binding produces a signal that causes glucose transport proteins enclosed in 
vesicles within the cytosol to move to the plasma membrane. Once there, the 
transport proteins form trans-membrane carriers that enable glucose to move 
into cells by facilitated diff usion.

Th e control centre involved when blood glucose levels increase is generally 
thought to be the beta cells of the pancreas. However, more recent evidence 
indicates that the hypothalamus may also play a coordinating role. Researchers 
have found evidence for glucose-sensing cells within the hypothalamus that 
regulate insulin secretion to maintain glucose homeostasis. (Source: O Chan 
and RS Sherwin, ‘Hypothalamic regulation of glucose-stimulated insulin 
secretion’, Diabetes vol. 61, p. 564, 2012.)

In reality, the homeostatic mechanisms that increase and decrease blood 
glucose levels are acting all the time, making the necessary adjustments to 
these levels as they rise and fall (see fi gure 6.40). As a result of negative feed-
back mechanisms involving both insulin and glucagon, a steady state is 
achieved, with small fl uctuations, in blood glucose levels.

Odd fact

If the blood glucose level 
falls to 2.2 mmol/L or lower, 
unconsciousness and brain 
damage can occur. 
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Blood glucose
above normal range

Blood glucose level falls. Blood glucose level rises.

The islet of Langerhans
cells in the pancreas

are the sensors.

Alpha cells in
pancreas

produce more
glucagon.

Beta cells in
pancreas

produce less
insulin.

Alpha cells in
pancreas

produce less
glucagon.

Beta cells in
pancreas

produce more
insulin.

Glucose moves
from bloodstream into 
liver and is converted

into glycogen.

More glucose
is absorbed

by cells.

Glycogen in the
liver is converted
to glucose and 

enters bloodstream.

Less glucose
is absorbed

by cells.

Sensors
Monitor blood glucose level

Normal range 3.6 to 6.8 mmol/L

Blood glucose 
below normal range

fIGuRe 6.40 Summary of events that maintain a steady state in the level of blood glucose in a non-diabetic 
person. This system involves negative feedback from the actions of both insulin and glucagon.

Diabetes
In the previous section, we saw that the blood glucose level is normally regu-
lated by homeostatic mechanisms that maintain glucose levels within a narrow 
range. Th e beta cells of the pancreas are responsible for the production of the 
hormone insulin. Th is hormone plays a key role in stopping blood glucose 
from increasing above the normal level by facilitating the uptake of glucose by 
body cells.

glucose levels out of control
Th e homeostatic mechanisms that regulate blood glucose levels can fail when 
insulin production fails. Th is results in a condition known as type 1 diabetes, 
which is characterised by a blood glucose level that is higher than normal. 
Why? Glucose is the main source of energy for body cells, but glucose is too 
large to diff use across the plasma membrane and must be actively transported 
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into cells. Insulin facilitates this transportation. Because insulin production is 
defective in type 1 diabetes, the body cells of a person aff ected by this condition 
cannot take up glucose from the bloodstream. As a result, the glucose levels 
in the blood rise above normal, a condition termed hyperglycaemia (hyper = 
above; glykys = sweet; haima = blood).

Glucose is also present in the urine of an aff ected person. Normally, any glu-
cose that enters the kidney tubules from the bloodstream is reabsorbed back 
into the blood through a process of active transport. However, the carrier pro-
teins involved in returning glucose from the fl uid in the kidney tubules back 
into the bloodstream are not able to deal with the high level of glucose fi ltered 
from the blood of a person with diabetes. 

Type 1 diabetes is a chronic disorder in which the beta cells of the pancreas 
produce little or no insulin. 

Th is condition most commonly appears in childhood, but may also appear 
later in life. Th e cause of this condition is not certain, but one view is that type 1 
diabetes is an autoimmune disorder in which the immune system specifi cally 
turns against the body’s own beta cells in the pancreas, attacking them as if 
they were foreign cells. 

Risk factors for type 1 diabetes include a family history of the disorder and 
the presence of certain genes in a person’s genetic make-up. 

Th e homeostatic mechanisms that regulate blood glucose levels can also fail 
when insulin is produced but the body cells of a person do not respond to it. 
In this case, insulin is present, but the cells are said to be insulin resistant. 
Th is is known as type 2 diabetes. Since the insulin cannot carry out its normal 
function, the glucose levels of a person with type 2 diabetes build up in the 
blood. 

Risk factors for type 2 diabetes include being overweight, especially with 
excess weight around the waist, and a lifestyle characterised by low levels of 
physical activity and a diet heavy in fat and low in fi bre. In addition, a family 
history of diabetes increases the risk of developing type 2 diabetes.

Diabetes is typically recognised by a distinctive set of 
symptoms (see below) and is confi rmed by blood tests:
•	 One test is the fasting plasma glucose test. Th is test is done 

after a person has fasted overnight. Th e blood glucose 
levels in a healthy person typically fall in the range of 
3.9–5.5 mmol/L. If this value exceeds 7.0 mmol/L, a diag-
nosis of diabetes is identifi ed. 

•	 Another test that can identify diabetes is the oral 
glucose tolerance test (OGTT). In this test, a subject 
who has not eaten for 12 hours is given a standard 
dose of 75 mg of glucose in solution. Blood samples are 
taken from the person immediately before drinking the 
glucose solution, and then at 30-minute intervals up to 
120 minutes. 
Figure 6.41 shows the OGTT results for two people. 

Person A is healthy and unaff ected by diabetes; person B 
has diabetes. Note that person B, with diabetes, shows a 
rapid rise in blood glucose after drinking the glucose solu-
tion and that this level remains high even after 120 minutes. 
Th is result signals that person B is either not producing 
insulin and has type1 diabetes or is resistant to the action of 
insulin and has type 2 diabetes. In contrast, the blood glu-
cose level of person A, who is unaff ected by diabetes, at fi rst 
rises in response to the ingested glucose, but then rapidly 
returns to the normal range in response to the homeostatic 
mechanisms that regulate blood glucose levels.

Person B
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fIGuRe 6.41 Blood glucose levels after ingestion 
of a standard quantity of glucose, administered 
in solution. Person A is not affected by diabetes, 
while person B has diabetes. Note that the blood 
glucose levels of person A are back within the 
normal range by about one hour after ingesting 
glucose. In contrast, the glucose level in person B 
is still very high two hours after ingesting glucose.

Odd fact

In ancient times, the Chinese 
recognised people as having 
diabetes by the fact that their 
urine attracted ants.
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Symptoms of diabetes
Table 6.3 outlines the symptoms that people with diabetes may experience.

tabLe 6.3 Symptoms of diabetes

Symptom Details

increased thirst
frequent urination

Th ese symptoms arise in response to the higher than normal levels of glucose in their blood. 
Th e body increases its output of urine in an attempt to remove the excess glucose from the 
blood. Th e large volume of urine excreted means that the loss of water from the body via this 
route is excessive and this, in turn, stimulates thirst.

low energy levels
fatigue
extreme hunger
possible weight loss

Th ese symptoms arise in diabetes suff erers because the body cells are starved of glucose 
and hence, are starved of energy. Without an adequate supply of glucose in body cells, they 
cannot generate suffi  cient ATP through cellular respiration to meet their needs. In addition, 
the loss of glucose from the body in urine represents a loss of calories that can lead to weight 
loss.

blurred vision Untreated elevated glucose blood levels can, over time, cause damage to the capillaries in 
various organs and tissues, including the eyes, kidneys and nerves. For example, blurred 
vision is a consequence of damage to capillaries in the retina of the eye.

diabetic ketoacidosis Th is symptom arises in type 1 diabetes because the body cells cannot use their normal fuel, 
glucose, for energy production. Instead, the body cells metabolise fat for energy production. 
Th e breakdown products of fat metabolism include acids called ketones. If ketones reach 
high concentrations in the blood, as may happen with persons whose diabetes is not 
under control, the blood becomes more acidic, producing a serious condition known as 
ketoacidosis. One of the symptoms of diabetic ketoacidosis is a strong fruity smell to the 
breath.

treatment of diabetes
People with diabetes that is the result of a defi ciency of insulin due to damaged 
beta cells of the pancreas are treated with insulin replacement. Th is typically 
occurs by injection or through an insulin pump (see fi gure 6.42). However, the 
amount of insulin injected must be carefully controlled. If a person inadvert-
ently injects too much insulin, a dangerous condition of too little glucose in 

the blood occurs, termed 
hypoglycaemia (hypo  = 
under or below; glykys = 
sweet; haima = blood) 
can occur. Hypoglycaemia 
may lead to fainting or 
even coma. It is treated by 
giving the aff ected person 
a source of glucose, such 
as glucose tablets, honey 
or a sweet. 

In contrast, treatment 
for persons with type 2 
diabetes typically involves 
lifestyle changes, such as 
changes to diet that put 
a focus on healthy eating 
(high fi bre and low fat) 
and on regular exercise. 
Many people can control 
type 2 diabetes through 
these lifestyle changes 
but in some cases diabetic 
medicine may be needed. 

fIGuRe 6.42 A portable insulin 
pump being used by a young 
boy with diabetes injects insulin 
slowly and continuously into 
the bloodstream. Which type of 
diabetes does this boy probably 
have: type 1 or type 2?
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key Ideas

 ■ Blood glucose levels are normally highly regulated.
 ■ Insulin and glucagon are two hormones involved in the homeostatic 
regulation of blood glucose levels.

 ■ In diabetes, blood glucose levels are above the normal range.
 ■ Diabetes can result from either a deficiency in insulin production or from a 
condition of insulin resistance.

QuIck check

 8 Identfy whether each of the following statements is true or false.
a Insulin acts to increase blood glucose levels.
b The hormone glucagon causes the breakdown of glycogen to its 

glucose subunits.
c Treatment of type 1 diabetes uses hormone replacement.
d Blood glucose levels are under homeostatic regulation. 

 9 What is the difference between hyperglycaemia and hypoglycaemia?
10 Why might persons with diabetes keep a sweet in their pocket?
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Normally, a person’s core body temperature is 
tightly regulated to keep it within a narrow range. 
However, general anaesthetics can disrupt the normal 
thermoregulation so that homeostatic mechanisms cannot 
maintain the body temperature within the normal limits. 
For this reason, the core temperature of a person under 
general anaesthetic in an operating theatre is closely 
monitored (see fi gure 6.43).

fIGuRe 6.43 After receiving a general anaesthetic, this 
patient will be closely monitored in terms of core body 
temperature, blood pressure, heart rate and breathing rate.

Two different types of disruption to thermoregulation are 
possible, as follows:
• In very rare cases, certain general anaesthetics cause 

a rise in body temperature, a life-threatening condition 
known as malignant hyperthermia. This is a rare inherited 
condition that is due to the ryr1 gene. 

• In most people, a general anaesthetic causes a drop 
in the core body temperature, a situation termed 
anaesthesia-induced hypothermia, but this is not a 
life-threatening condition.

1 In a person with inherited malignant hyperthermia, 
exposure to certain general anaesthetics produces a 
rapid rise in core body temperature to 40 °C or higher. 
When this condition occurs, the following symptoms 
appear:
• elevated heart rate 
• increased rate of breathing 
• greatly increased metabolic rate 
• muscle rigidity (cramping) 
• muscle tissue breakdown
• increased lactic acid content.
a Considering these symptoms, what is the probable 

source of the excess heat produced? Briefl y explain.
b If an episode of malignant hyperthermia occurs after 

a general anaesthetic has been given to a patient, 

a specifi c drug is administered. Suggest another 
possible measure that might be used to reduce the 
person’s high temperature. 

c It is very diffi cult to identify the true incidence of 
persons with malignant hyperthermia in a population. 
Suggest a likely reason for this. 

2 Consider a patient who shows anaesthesia-induced 
hypothermia after receiving a general anaesthetic.
a Identify four symptoms that would be expected 

to appear in a person showing a fall in core body 
temperature. 

b From the following list, identify which process 
(if any) might be an underlying cause of the net 
loss of heat in a person with anaesthesia-induced 
hypothermia:
     i  opening of shunt vessels with a redistribution of 

blood from core to peripheral blood vessels
  ii increased sweating from exposed areas of the body
iii shivering
iv decreased evaporation of fl uid from the lungs and 

moist surfaces of the mouth and throat.

  Briefl y explain your choice.

3 Bony fi sh (all fi sh, excluding sharks and rays) use 
homeostatic mechanisms to maintain their water balance. 
Water balance also involves maintaining a balance of 
the salts in body fl uids. Fish that live in fresh water and 
fi sh that live in sea water face different challenges in 
achieving a water balance.

Here are some facts:
• The scale-covered skin of most fi sh is relatively 

impermeable to water and salts.
• However, both freshwater and seawater (marine) fi sh 

must have permeable surfaces across which oxygen 
can be taken into the body and carbon dioxide can be 
excreted from the body – these permeable surfaces are 
their gill surfaces.

• The gill surfaces of both kinds of fi sh allow not only the 
passage of oxygen and carbon dioxide, but also the 
movement of water and salts.

• The body fl uids of freshwater fi sh have a higher solute 
concentration than fresh water and so are hypertonic to 
the water in which freshwater fi sh live. 

• In freshwater fi sh, water tends to move into the body 
across the gill surfaces and salts tend to be lost from the 
body via the same surfaces.

• The body fl uids of marine fi sh have a lower solute 
concentration than sea water and so are hypotonic to the 
water in which marine fi sh live. 

• In marine fi sh, water tends to be lost from the body 
across the gill surfaces and salts tend to be gained by 
the body via the same surfaces.
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Complete table 6.4 by placing the following entries into 
the correct cells. Your final result should show some of the 
homeostatic mechanisms involved in maintaining water 
and salt balance in these fish. 

• Does not drink.

• Produces large volumes of urine.

• Drinks large amounts of water.

• Takes in salts across gills.

• Produces very small volumes of urine.

• Secrete salts out across gills. 

tabLe 6.4 

Variable
freshwater 

fish
Saltwater 

fish

volume of urine 
produced

volume of water 
drunk

salt movement 
across gills
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conduction
congenital 

hypothyroidism
convection
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ectothermic
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evaporative cooling
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glucagon
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heat conservation
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heat loss
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hyperthermia
hyperthyroidism
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negative feedback
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shivering
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stimulus-response model
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thermoregulation
thyroid gland
thyroxine
type 1 diabetes
type 2 diabetes
vasoconstriction
vasodilation

Questions
 1 Making connections ➜ Use at least eight of the 

key words in this chapter and draw a concept 
map. You may use other words in drawing your 
map.

 2 Applying your understanding in a new context ➜ 
Some homes have central heating. When the air 
reaches a certain temperature, a thermostat turns 
the heat off. When the temperature drops below 
a certain level, a thermostat turns the heater 
on. Explain whether you think this is similar to, 
or different from, the control of internal body 
temperature.

 3 Applying your understanding ➜ Suggest an 
explanation for each of the following observations.
a The smallest penguins, the fairy penguin 

(Eudyptula minor), are found in temperate 
climates in southern Australian states. The 
largest penguins, the emperor penguin 
(Aptenodytes forsteri), live in Antarctica.

b Cougars or mountain lions (Puma concolor) 
in the northern regions of North America are, 
on average, larger than those in the southern 
regions. 

 Of what advantage might this size difference be?
 4 Communicating understanding ➜ Give an 

explanation in biological terms for the following 
observations.
a High temperatures in a humid climate are more 

uncomfortable than the same temperatures in a 
dry climate.

b More heat is lost from the human body when the 
air surrounding the body is cool and moving than 
when the air at the same temperature is still. 

c The cooling effect of sweat is less when the 
surrounding air is humid than when it is dry.

d Immersion in cold water can produce greater and 
faster heat loss than exposure to the air at the 
same temperature. 

e The skin of a person suffering from heat stroke is 
pale and dry.

f The Reptile House at a zoo is typically air 
conditioned and warm. 

 5 Applying your knowledge and understanding ➜ 
Consider each of the following comments and 
indicate, giving a brief explanation, whether it is 
biologically valid.
a ‘My dog must be very sick. The surface 

temperature of its nose is only 21 °C.’
b ‘After working out strenuously in the gym, I towel 

myself down so as to avoid getting a chill.’
c ‘I don’t need to feed my pet lizard as often as my 

pet budgerigar.’
 6 Applying your knowledge and understanding ➜ 

An athlete entered a triathlon competition on a very 
hot day (43 °C, 45% humidity). She completed the 
swim and the bike ride but started experiencing 
problems during the run. After about 1.6 km, she 
had diarrhoea and muscle cramps, and by the 10 
km mark she had headaches and had stopped 
sweating. The athlete managed to finish the race but 
became delirious and was admitted to hospital. In 
hospital, the athlete deteriorated further with 
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 several serious symptoms, including seizures, and 
muscle breakdown. She was placed on artifi cial life 
support and, fortunately, survived. 
a Identify the condition that developed in this 

athlete that resulted in her admission to 
hospital. 

b Consider the various problems/symptoms 
experienced by the athlete during and after 
the race. Choose two of these and suggest an 
explanation for their occurrence. 

 7 Applying your understanding ➜ Refer to 
fi gure 6.17, the thermograph of Lettie, the 
Labrador dog.
a Explain why Lettie’s nose pad is the coolest area 

of her body.
b Lettie’s ears are colder than the adjacent areas 

of her head. Suggest a possible reason for this 
diff erence.

c Suggest what the ambient temperature might 
have been at the time this thermograph was 
produced.

 8 Applying your knowledge ➜ When the walls of 
a small blood vessel are damaged, platelets in 
the blood cling to the damaged site and start clot 
formation. Th ese platelets release chemicals that 
attract more platelets to the site of the damage, 
and this process continues until a blood clot is 
formed.
 What type of feedback system is this? Briefl y 
explain your decision.

 9 Applying your understanding in a new context ➜ 
A cat sleeps on two diff erent days. Figure 6.44a 
shows her on day 1, while fi gure 6.44b shows her 
on day 2.
 Suggest, giving reasons, how the temperature on 
the two days might have diff ered.

fIGuRe 6.44 Images of a sleeping cat on two different 
occasions (a) day 1 and (b) day 2

(a) (b)

 10 Applying your understanding in a new context ➜ 
A person has fallen into the cold, still water of 
a lake and will not be rescued immediately. In 
these circumstances, what might the person do to 
avoid loss of body heat while waiting for rescue? 

(Th e person is not in danger of drowning as he is 
wearing a life jacket.)
 Student A suggested that the person should keep 
active by continually swimming around. 
 Student B suggested that the person should stay 
as still as possible and keep legs close together and 
arms close to the body. 
 Carefully consider the two alternatives and 
decide, giving reasons, which is likely to be the 
better strategy for minimising heat loss.

 11 Organising and presenting data ➜ Components 
of the total heat loss by a patient in an operating 
theatre have been estimated as follows:

 ■ radiation (about 60%)
 ■ conduction and convection combined (about 

15%)
 ■ evaporation (about 22%) 
 ■ other (about 3%). 

Show these data in a pie chart or bar graph.
 12 Communicating understanding ➜ Th e body 

fl uid of some animals, such as octopus and 
squid, and sharks and rays has the same osmotic 
pressure as the sea water (see fi gure 6.45). 
Identify a possible advantage of this situation in 
terms of water balance.

fIGuRe 6.45 This image shows a ray. The body fl uid 
of rays and their close relatives, sharks, has an osmotic 
concentration that is equal to the sea water in which 
they live. 

 13 Applying your knowledge and understanding ➜ 
Dehydrating or drying is a long-established 
means of preserving food. Explain briefl y why 
dehydration is a highly eff ective food preservative.

 14 Communicating understanding ➜ Briefl y explain 
the diff erence between the members of the 
following pairs.
a Ectotherm and endotherm
b Vasoconstriction and vasodilation
c Th ermoregulation and osmoregulation
d Core temperature and peripheral temperature
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 16 Applying your understanding in a new 
context ➜ Examine the thermographs in 
Figure 6.46 of Oscar, the spaniel, taken on diff erent 
occasions. Explain, in biological terms, the 
diff erence between parts (a) and (b). Note that the 
crossbars identify the temperature at a particular 
point.

fIGuRe 6.46 Thermographs of Oscar, the spaniel

(a) (b)

 15 Analysing and interpreting information ➜ An 
experiment was carried out on mice to determine 
whether the pituitary gland controlled growth. 
Ninety mice were divided into three equal groups. 
Treatments and results are shown in the following 
table.

treatment

group a group b group C

Pituitary 
gland 

removed

Pituitary gland 
removed and 

daily injections 
of pituitary gland 
hormone given

No 
treatment

average mass 
at start

218 g 221 g 214 g

average mass 
after one 
month

200 g 530 g 527 g

a Explain which you consider to be the control 
group in this experiment.

b What hypothesis does the data support? Explain 
your answer.
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