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AREA OF STUDY 2 HOW DO PLANT AND ANIMAL SYSTEMS FUNCTION?

4 Regulation of systems
KEY KNOWLEDGE

In this topic you will investigate:

Regulation of systems
• regulation of water balance in vascular plants
• regulation of body temperature, blood glucose and water balance in animals by homeostatic

mechanisms, including stimulus–response models, feedback loops and associated organ
structures

• malfunctions in homeostatic mechanisms: type 1 diabetes, hypoglycaemia, hyperthyroidism.

Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS

Practical work is a central component of learning and assessment. Experiments and
investigations, supported by a practical investigation eLogbook and teacher-led videos,
are included in this topic to provide opportunities to undertake investigations and communicate
findings.
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4.1 Overview
Numerous videos and interactivities are available just where you need them, at the point of learning, in your
digital formats, learnON and eBookPLUS, and at www.jacplus.com.au.

4.1.1 Introduction

FIGURE 4.1 Marathon runners face challenges
in regulating body temperature to prevent heat
stroke.

Plants and animals are continually sensing and responding
to changes in their external and internal environments as
part of maintaining their living states and a relatively stable
internal environment known as homeostasis. They do this
through the process of regulation, which allows plants to
regulate water balance and animals to regulate everything
from body temperature to blood glucose. For example, a
marathon runner needs to regulate their body temperature to
prevent heat stroke.

Some conditions, such as hyperthyroidism, which
includes excessively high body temperature, result from
malfunctions in homeostatic mechanisms — in this case,
the thyroid is overactive and produces too much thyroxine.
The image that opens this topic is of the thyroid gland,
showing large follicles (top left and lower right) that secrete
T3 and T4 hormones. The thyroid follicles are filled with a
liquid called thyroglobulin or thyroid colloid.

In this topic, we will explore the regulation of systems, including water balance in plants and animals, and
the regulation of body temperature and blood glucose levels in humans. We will then turn to malfunctions
in homeostatic mechanisms that give rise to conditions such as type 1 diabetes, hypoglycaemia and
hyperthyroidism, as mentioned above.
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4.2 Regulation of water balance in vascular plants

KEY KNOWLEDGE

• Regulation of water balance in vascular plants
Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

4.2.1 Water balance in plants
Water makes up about 90 to 95 per cent of the living tissues of plants by weight. Water is involved in many life-
sustaining processes in plants, including as:

xylem the part of vascular
tissue that transports water and
minerals throughout a plant and
provides a plant with support

turgor pressure force or
pressure potential within a fully
hydrated plant cell that pushes
the plasma membrane against
the cell wall

• an input to the essential processes of photosynthesis
• the solvent for minerals transported in the xylem tissue and for sugars transported in phloem tissue
• the aqueous medium in which all biochemical reactions in plant cells occur
• a means of cooling plants by evaporation of water from leaves during transpiration
• the source of turgor pressure that maintains plant cell shape and enables non-woody plants to stand erect.

Given the importance of water in the life of plants, plants have regulatory mechanisms and structural adaptations
that contribute to maintaining a water balance, such that overall:

Water IN (by roots) = Water OUT (at leaves)

However, an imbalance can occur in plants in hot, dry and windy conditions or in drought, when the rate of
water uptake at the roots does not keep pace with water loss at the leaves.

Maintaining water balance is the key challenge for terrestrial plants and involves:
• keeping water loss within manageable limits, so that plant tissues are hydrated and able to function
• keeping water uptake at a level to compensate for water loss.

Plant organs that are critical in water balance have both regulatory mechanisms and structural adaptations.
• Regulatory mechanisms are active responses by plants that are induced by changes in water balance.
• Structural adaptations are always there, regardless of the state of water balance. These adaptations are

heritable physical traits that have evolved in plant populations and equip plants to survive and reproduce
under their particular environmental conditions.

4.2.2 Controlling water uptake
As described in Topic 3, roots are the plant organs that are specialised for locating and absorbing water. As such,
roots supply the water on the input side of the water balance equation in plants

In terrestrial plants, roots have several functions:
• anchoring the plant in the soil
• storing products of photosynthesis, for example starch-containing potato tubers and modified tap roots in

plants such as carrots, parsnips and radishes
• importantly, in terms of water balance, locating and absorbing water (and essential mineral nutrients) in

the soil.

TOPIC 4 Regulation of systems 253

PAGE PROOFS



“c04RegulationOfSystems_PrintPDF” — 2021/5/11 — 16:08 — page 254 — #4

FIGURE 4.2 Different features of structures to help maintain water balance in dry conditions
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Root systems: finding water
Root systems are of two types:

• In grasses and other monocot plants, the root system consists of many fine fibrous roots that arise from
the base of stems (see figure 4.3a). Lateral roots can have multiple levels of branching and are usually
restricted to the shallow levels of soil. Fibrous root systems provide a very large surface area for water
absorption.

• In dicot plants, the root system includes a primary (tap) root that grows vertically downwards with lateral
roots originating from the primary root (see figure 4.3b). Tap root systems can penetrate the soil to reach
water at deeper levels. In a study of maximum rooting depths, the maximum depth observed was 68 metres
for a tree, Boscia albitrunca, that grows in hot dry areas of southern Africa.

FIGURE 4.3 a. The fibrous root system of a grass; the
roots originate from the base of the stems. b. Tap root
system of a dicot plant showing main roots from which
lateral roots arise

a. b.
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Roots do not just grow to a point and stay fixed. Rather, roots are actively growing explorers that can sense
features of the soil around them, such as variations in water potential, soil compaction, and the distribution of
mineral nutrients. Plants respond to this information by modifying their root systems, for example by developing
lateral roots or by changing the degree of lengthening and the direction of growth. These responses are discussed
in Topic 10 with reference to plant adaptations.

EXTENSION: Roots grow towards moist soil

FIGURE 4.4 The hydrotropic response by a plant
Hydrotropism is the directional growth of plant roots
towards water.

To access more information on this extension concept,
please download the digital document.

Resourceseses
Resources

Digital document Extension: Roots grow towards
moist soil (doc-35882)

Root systems: absorbing water
root hairs extensions of cells of
the epidermal tissue that forms
the outer cellular covering of the
root, responsible for absorption
and uptake of liquid water

suberin a non-cellular waxy
substance that forms a
waterproof barrier found on
the cell walls of some plant cells,
including root epidermal cells
(except for the root tip) and root
endodermal cells

The entry point of water in plants is through the root hairs. Root hairs are fine
outgrowths of the specialised epidermal cells in the maturation zone of roots.
Root hairs greatly increase the surface area available for absorption of soil water.
In general, apart from root tips, the remainder of a root cannot absorb water
because the epidermis is covered in a waterproof layer of suberin.

Figure 4.5a is a scanning electron micrograph (SEM) of a cross-section through
the maturation zone of a plant root. Note the root hairs (white) projecting from
the epidermal cells of the root and the central vascular bundle with its large xylem
vessels. Once absorbed, water must travel from the root hairs to the xylem.

FIGURE 4.5 a. SEM of a cross-section of a root, showing many fine root hairs (white). b. Cross-section
of a root tip at the zone of maturation. Note how some epidermal cells have root hair extensions.

a. b.

Absorption of water by root hairs mainly occurs passively, through osmosis and facilitated diffusion, with
neither process requiring an input of energy. These passive forms of water uptake — osmosis and facilitated
diffusion — can only occur in the presence of a water potential gradient between the soil water (higher potential)
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and the root cell water (lower potential). Cell water normally has more dissolved solutes than soil water and thus
has a lower water potential that that of the soil water. This difference means that water can move down a water
potential gradient from the soil into root cells. The soil water also contains various dissolved solutes that are
picked up from the soil.

For mineral nutrients, the plasma membranes of root hairs provide some control over their uptake.

EXTENSION: Water potential — which way will water move?

FIGURE 4.6 Water potential sensor
Water potential is an important variable in biology, as if there
is no water potential gradient between the soil water and the
water of root cells, no net movement of water can occur.

To access more information on this extension concept, please
download the digital document.

Resourceseses
Resources

Digital document Extension: Water potential — which way
will water move? (doc-35883)

Roots: regulating water entry to the xylem
After being absorbed by the root hairs, water must reach the xylem, from where it is transported to all living
cells of a plant.

The soil water that enters the root hairs brings valuable mineral nutrients with it, but it also brings other solutes
that may be toxic to plants, such as pesticide residues, as well as solutes that are either in excess or unwanted.
Roots have a mechanism to prevent the unregulated passive movement of soil water and its solutes into the
xylem. The root cells that play a major role in this regulation are those of the endoderm.

Water first moves radially across the root cortex towards the xylem. In its journey across the cortex, some water
may follow a pathway from within one cell to the next. Other water may not enter cells but instead travel along
cell walls and through intercellular spaces. Figure 4.7 shows two pathways for soil water from root hairs across
the root cortex: a cell-to-cell pathway (shown in red) and the cell wall pathway (shown in blue).

Before reaching the xylem, all soil water is forced to cross the plasma membranes of the cells of the endoderm.
This forced route is due to the presence of a ring of waterproof material that encircles the cell wall of
endodermal cells — the Casparian strip.

Endodermal cells are active gatekeepers that control the quality and amount of water
that enters the xylem. They also selectively control the entry of mineral nutrients
and other solutes:

endoderm a layer of cells that forms
the innermost part of the cortex and
encircles the vascular bundle that
includes the xylem

Casparian strip a ring of
waterproof material, composed
of lignin, deposited on the walls of
endodermal cells that forces all soil
water to move into the cells of the
endoderm before it can reach the
xylem

aquaporins protein channels in the
plasma membrane that allow the
rapid flow of water into and out of
cells

• Endodermal cells control the number and the activity of water channels
(aquaporins) in their plasma membranes. Because of this, the endoderm can
regulate the rate of water transport into the xylem, keeping it in balance with the
needs of the plant. If water loss by the leaves of a plant increases, the water
uptake by roots and its transport into the xylem can also be increased.

• Endodermal cells have transport proteins in their plasma membranes that
selectively control the entry and exit of solutes — this means that toxic or
excessive solutes can be differentially excluded and prevented from reaching
the xylem, while required mineral nutrients can continue to the xylem.
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FIGURE 4.7 a. Two pathways for water from its uptake at root hairs into the xylem. Casparian strips are denoted
by black dots between adjacent endodermal cells. b. Photomicrograph of a cross-section of part of a plant root.
Note the red ring of the endodermis, which surrounds the central vascular bundle.

a.

Endodermis

Xylem
Cortex

Root hair

b.

Lack of water uptake causes water stress
reverse osmosis a process in
which water moves by osmosis
from root cells to the soil; occurs
when an increase in the solute
concentration in the soil water
lowers its water potential to
below that of the cell water

osmotic adjustment a control
mechanism for preventing water
loss due to reverse osmosis in
plants under water or salt stress;
involves root cells accumulating
additional solutes that lower the
cell water potential to below that
of the soil water

Water stress is the negative physiological effects on plants from a lack of water
that is available for uptake. This upset in the water balance (water IN is less than
water OUT) can be seen in wilting.

When rainfall is low or absent, roots can sense decreasing soil water. When water
deficit is signalled, the roots respond. Some of these responses can take effect
rapidly, while others are longer-term growth responses. Responses of plants in
times of water stress from low rainfall include:

• a greater investment into the growth of roots rather than shoots. The hormone
abscisic acid (ABA) plays a key role in this since it promotes root elongation
and inhibits shoot growth.

• penetration of roots into deeper layers of soil where there is less danger of
drying out

• increased deposition of suberin, a waterproofing material, on most root cells. This measure is an attempt to
protect against water loss from root cells to the soil through a process of reverse osmosis.

• osmotic adjustment (OA), an important and rapid response that also prevents the loss of water from root
cells to the drying soil, enabling normal osmosis to continue.

Root systems: responses in waterlogging

FIGURE 4.8 Waterlogged soy bean field with plants
showing signs of water stress

Too little water creates stress for plants, but so does
too much! Figure 4.8 shows a soy bean field where
persistent heavy rainfall and/or poor drainage have
produced waterlogged soil with obvious surface
water. The soybeans show the signs of water stress
through wilting and the yellowing of their leaves
(leaf chlorosis). How can these plants show wilting,
a classic sign of water deficit in plants, in all this
water?

In waterlogged soil, the air spaces in the soil become
filled with water. Within about 24 hours, cellular
respiration by root cells can deplete the oxygen in
the soil water to near zero. As a result, the oxygen
consumed by plant roots cannot be replaced at
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rates sufficient to maintain their cellular respiration. The roots of plants in waterlogged soil become starved of
oxygen and are damaged so that they cannot absorb water. Death of the plants eventually follows if waterlogging
continues.

Features that enable plants to tolerate waterlogging include:
• inhibition of growth of main roots and inhibition of formation of new lateral roots
• outgrowth of adventitious roots, into the soil, along the water surface or into the floodwater. Adventitious

roots originate from the stem nodes and are commonly seen in wetland plants. These roots can compensate
in part for the death of other roots and replace their water uptake function.

• presence of aerenchyma, a spongy plant tissue that contains spaces or air channels, found in roots and stem.
Aerenchyma tissue provides an internal channel for the diffusion of gaseous oxygen from shoots to roots.

4.2.3 Controlling water loss

stomata pores, each surrounded
by two guard cells that regulate the
opening and closing of the pores

transpiration loss of water from the
surfaces of a plant

Leaves are the source of water loss from plants; thus, they are on the output side of the water balance equation.
The key function of leaves is to capture the energy of sunlight and use that energy indirectly to produce glucose
from carbon dioxide. The carbon dioxide that is required for photosynthesis comes from the atmosphere and
diffuses into leaves through open pores in the leaf epidermis (figure 4.9). These pores are called stomata
(singular = stoma). Each pore (or stoma) is surrounded by a pair of guard cells.

FIGURE 4.9 a. Three stomata on a leaf surface. Note the paired guard cells. b. Cross-section of part of the
epidermis of a leaf showing (s) the stomatal pore, (g) guard cell, (c) cuticle and (a) airspace or sub-stomatal cavity

a. b.

As carbon dioxide molecules enter leaves through the stomatal pores, water molecules are simultaneously being
lost from the leaves through the same pores. The cost of importing carbon dioxide for photosynthesis from
the air is very high in terms of water loss — for every molecule of carbon dioxide that enters a leaf through a
stomatal pore, several hundred water molecules exit at the same time. However, this is a necessary cost to the
plant. Plant stomata are the site of water loss in leaves.

Transpiration: the major source of water loss
The loss of water by diffusion through leaf stomata is termed transpiration.
Transpiration is not simply a water loss process, it is an essential process in plants.
Transpiration pulls the water required for photosynthesis and other biochemical
processes up to the leaves, brings the mineral nutrients required for growth into leaf
cells, and is a source of evaporative cooling of leaves, helping to prevent heat stress —
as water evaporates, heat energy is taken with it.
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The rate of transpiration is affected by environmental factors:
• humidity: the greater the content of water vapour in the air, the lower the rate, such that at 100 per cent

humidity in the air, net water loss by transpiration stops
• wind speed: transpiration is least in still air and, all other things being equal, increases as wind speed

increases, as moving air removes water vapour from around the leaves
• temperature: as temperatures increase, the rate of evaporation of water increases
• light intensity: light stimulates the opening of the leaf pores (stomata).

Transpiration through open stomata is the major source of water loss by plants.

Studies show that only about one per cent of the water taken up by plant roots is used by the plant. Of the
reminder, 90 per cent or more is lost by transpiration. For a large leafy tree, this is a considerable amount.
For example, the water loss by transpiration from the leaves of one large oak tree has been estimated at
about 150 000 litres per year. On a global scale, transpiration is significant — studies have shown that about
10 per cent of the moisture in the atmosphere comes from transpiration by plants.

Water imbalance, when water input is less than output, results in dehydration of plants. This leads to a loss of
turgor pressure in plant cells and is expressed by the wilting of a plant. Wilted plants usually regain their turgor
pressure when they are re-watered, unless they have reached the ‘permanent wilting point’ from which there is
no recovery.

FIGURE 4.10 At left: a fully hydrated plant with its water in balance; at right: a dehydrated plant that has lost
turgor pressure and wilted because of a water imbalance

elog-0808
INVESTIGATION 4.1

Investigating transpiration in plants

Aim

To investigate factors that affect the process of transpiration in plants

Closing stomata to minimise water loss
Stopping or slowing transpiration by closing stomata is the major means of minimising water loss, but at the
same time, this affects the supply of carbon dioxide that is needed for photosynthesis.

The opening and closing of stomata must be finely regulated. Surrounding guard cells are critical to the operation
of the pore as a regulated gateway that can open and close as needed.
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The opening and the closing of a stomatal pore depends on the state of hydration of the guard cells around
the pore:

• When fully hydrated, the contents of the guard cells exert pressure on their cell walls. This turgor pressure
causes the thinner outer walls of the guard cells to move outward, pulling apart the thicker inner walls and
opening the pore.

• When guard cells lose water, this turgor pressure is lost and the pores close (refer back to figure 4.9a).

SAMPLE PROBLEM 1 Exploring the role of stomata and guard cells in water balance
tlvd-1747

Describe what would happen to stomata and guard cells when water is low and what would happen
when water is high. (2 marks)

THINK WRITE

1. Identify what the question is asking you to do.
Here you are being asked to describe.
The question is worth two marks. One mark is
for the description when water is low. Ensure
you mention both the stomata and guard cells.

When water levels are low, water and ions leave the
guard cells, causing them to become flaccid. This
causes the stomata to close (1 mark).

2. The second mark is for the description when
water is high. Ensure you mention both the
stomata and guard cells.

When water levels are high, water and ions enter
the guard cells, causing them to become turgid. This
causes the stomata to open (1 mark).

The plant hormone abscisic acid (ABA) plays an important role in regulating the water balance of plants. When
plants become water-deficient, a regulatory response occurs that closes the leaf stomata and, as a result, water
loss by transpiration is stopped. ABA is a key player in regulating the closing of stomatal pores. ABA also
inhibits the opening of stomata, so while it is present in guard cells, stomatal pores will remain closed. The
following extension box provides a simplified outline of the regulatory role of ABA on stomatal pores.

EXTENSION: ABA hormone and stomatal pore closing

FIGURE 4.11 Plant hormones can trigger
responses in stoma.
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When plants experience water stress, the hormone ABA is
synthesised, which triggers a series of responses in the guard
cells of the stoma.

To access more information on this extension concept, please
download the digital document.

Resourceseses
Resources

Digital document Extension: ABA hormone and stomatal
pore closing (doc-35884)
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elog-0810
INVESTIGATION 4.2

Distribution of stomata and guard cells

Aim

To investigate stomata and guard cells in plants adapted to different environments

Other signals for stomatal action
The regulation of water balance of a plant does not occur in response to water stress only. Water stress is just
one signal to a plant to close its stomatal pores. In addition to soil moisture content, other variables such as high
temperatures and the darkness of night are also signals to close the pores. Signals to open stomatal pores include
the blue light of early morning and falls in carbon dioxide within leaves. These various signals are highly
coordinated so that the regulation of stomatal pores is finely balanced between the need for carbon dioxide for
photosynthesis by a plant’s leaves and the need for adequate hydration of all living plant cells.

FIGURE 4.12 Plants such as succulents
undertake water-conserving photosynthesis.

Some plants, such as succulents, also regulate water balance
by altering when they close their stomatal pores. This is
described as water-conserving photosynthesis. In many
plants, water loss is high during the day when they are
photosynthesising, due to higher temperatures and humidity.
Succulents open their stomata during the cooler night times,
take in the carbon dioxide needed for photosynthesis, and
store it as an organic acid. At sunrise, the stomata close and
the carbon dioxide is released from the store to be used for
photosynthesis. This helps them reduce water loss during the
day.

In addition to stomata, plants have a number of other
adaptations that minimise water loss, including leaf rolling,
sunken stomata and waxy cuticles. These are discussed in
detail in Topic 10.

Resourceseses
Resources

eWorkbook Worksheet 4.1 Controlling water loss and uptake in plants (ewbk-7491)

KEY IDEAS

• Water is vital for the survival of plants.
• Water is in balance when water uptake by roots equals water loss from leaves.
• Vascular plants have control strategies that can be activated to maintain their water balance.
• Water potential is an important variable that identifies the direction of water movement between soil and roots.
• Roots can sense and actively move towards moist patches of soil.
• In response to environmental signals, plants can initiate regulatory mechanisms that contribute to the

maintenance of water balance.
• Plants also have various structural adaptations that assist in maintaining their water balance.
• Root hairs, outgrowths of epidermal cells on root tips, are the sites of water absorption by roots.
• The major loss of water in plants occurs when water vapour is lost by transpiration from the leaf stomata.
• Plants can actively regulate water loss by the opening and closing of their stomata.
• Water loss occurs when guard cells are turgid, causing the stomata to open; when guard cells lose turgor,

stomata close, preventing water loss.
• Plants can also actively regulate water loss by other methods, including osmotic adjustment.
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4.2 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

4.2 Quick quiz 4.2 Exercise 4.2 Exam questions

4.2 Exercise

1. What is the major avenue of water loss in plants?
2. Identify an example of:

a. a plant response that reduces water loss from leaves
b. a root response that enables roots to absorb water even though the plant is drying out.

3. Identify one example of:
a. reducing water loss from cells at the leaf surface
b. reducing water loss from the leaf stomata.

4. Describe how regulation of guard cells contributes to water balance.
5. Identify one important role of each of the following.

a. Root endodermis
b. Aerenchyma in shoots and roots

6. Measurements in a field showed that the water potential (WP) of the root cells of plants was –0.6 MPa and
that of the soil was –0.3 MPa.
a. Which has the higher water potential: the soil water or the cell water?
b. In which direction will water move?

7. a. What is succulence?
b. Identify how this growth form contributes to water balance during periods of water shortage.

4.2 Exam questions
Question 1 (1 mark)

MC Water is absorbed from the soil and into the vascular plant root system through

tracheids.A. xylem vessel elements.B.
sieve tube cells.C. root hair cells.D.

Question 2 (1 mark)

MC Four populations of a particular plant species are found in four locations with different environmental
conditions.

Location Daily average temperature (°C) Daily average humidity (%)

1 18 20
2 25 60

3 18 60

4 25 20

The average transpiration rate of the plants was calculated. At which location would the plants with the highest
average transpiration rate be found?

Location 1A. Location 2B.
Location 3C. Location 4D.

Question 3 (1 mark)

MC Root hair cells increase the efficiency of water absorption by

having a large surface area.A. being spherical in shape.B.
containing many mitochondria.C. possessing a large nucleus.D.
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Question 4 (2 marks)

Endodermal cells control the quality and amount of water that enters the xylem, and the entry of mineral nutrients
and other solutes.
a. How do endodermal cells control the amount of water that enters a plant? 1 mark
b. How do endodermal cells control the entry and exit of solutes to the plant? 1 mark

Question 5 (3 marks)

An experiment was set up to investigate the rate at which water vapour evaporated from a plant.

Three identical plants were enclosed in airtight containers and the rate of water vapour evaporation from the plant
was recorded. The environment of each of the three plants was slightly different. Each plant was given the same
amount of water in the soil. The diagram below illustrates how the experiment was set up.

A B

Temperature 10 °C

Humidity 20%

Temperature 20 °C

Humidity 80%

Temperature 20 °C

Humidity 20%

C

In which plant would you expect the greatest rate of water vapour evaporation? Explain.

More exam questions are available in your learnON title.

4.3 Homeostatic mechanisms and stimulus–response
models
KEY KNOWLEDGE

• Regulation by homeostatic mechanisms, including stimulus–response models, feedback loops and
associated organ structures

Source: Adapted from VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

4.3.1 What is homeostasis?

homeostasis condition of
a relatively stable internal
environment maintained within
narrow limits

Homeostasis is the body’s attempt to maintain a constant and balanced internal
environment. Homeostasis can be defined as the outcome of processes that
maintain a steady state (constant internal environment) for certain physiological
variables and for the chemical compositions of body fluids. Homeostasis requires
the continual monitoring of the levels of key variables and the making of
adjustments as conditions change.

TOPIC 4 Regulation of systems 263

PAGE PROOFS



“c04RegulationOfSystems_PrintPDF” — 2021/5/11 — 16:08 — page 264 — #14

set point midpoint of a narrow
range of values around which a
physiological variable fluctuates in a
healthy person

Monitoring the level of variables involves comparing the current level against the
value of its set point. A set point is not a single value. Rather, it is a narrow range of
values that are seen as ‘normal’. Refer to column 2 of table 4.1 to identify the ranges
around set points for some important variables. When the value of a variable moves
outside its normal range, homeostatic mechanisms come into play to counteract the
change and restore the variable to within the narrow range around its set point.

FIGURE 4.13 Homeostasis is an incredibly important process in regulation of body systems.

Hypothalamus

regulates temperature

and osmotic pressure
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Blood distributes heat

throughout the body

Evaporation
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Pancreas

regulates blood sugar

Skeletal muscle contracts

and releases heat

TABLE 4.1 Summary of major variables that are subject to homeostasis in humans

Variable Normal range Comments

Temperature 36.1–37.2 °C The 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 balance:
blood volume
blood osmolality
(osmotic concentration)

approx. 70 mL/kg
275–295 mOsm/kg

Blood volume and osmolality are a sign of whether or not
water intake and water loss are in balance. If water intake
is in deficit, blood volume falls and blood osmolality
rises.

Ions, e.g. plasma Ca2 2.3–2.4 mmol per L Specific ions are required by some tissues.

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

Arterial blood pressure:
diastolic (relaxed)
systolic (contracted)

13.3 kPa
(100 mmHg)
5.33 kPa (40 mmHg)

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

The tolerance ranges for various vertebrate animals differ. Some vertebrates have much higher or much
lower tolerance ranges compared to humans. For example, the normal arterial blood pressure of a giraffe is
300/180 mmHg, and the normal body temperature of many birds is 40.5 °C. Other vertebrates are unable to
regulate certain variables. For example, reptiles do not maintain a relatively stable core temperature and do not
have the homeostatic mechanisms that would enable them to do this.
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Body systems in homeostasis
In mammals (including humans), all body systems contribute in various ways to the maintenance of
homeostasis. The most important body systems involved are:

endocrine system system of
ductless glands that produce
hormones and release them
directly into the bloodstream

• the nervous system
• the endocrine system (figure 4.14).

The nervous system and the endocrine system are both vital for maintaining homeostasis at the level of the
whole organism. Their critical role is in the communication of signals. Communication in the nervous system
occurs through electrochemical signals that are transmitted by neurons. The
endocrine system communicates through hormones that are released by endocrine
glands into the blood stream and travel to target organs. Table 4.2 is a summary
of the contrasting features of these two systems.

FIGURE 4.14 The endocrine system in the human body and various hormones that it releases

Polypeptides/proteins

Amino acid derivatives

Steroids (lipid-derived)

Hypothalamus

Growth-hormone-releasing hormone:

stimulates pituitary gland to release GH

Corticotropin-releasing hormone (CRH):

stimulates pituitary gland to release ACTH

Thyroid-releasing hormone: stimulates
thyroid gland to release TSH

Gonadotropin-releasing hormone (GnRH):
stimulates pituitary gland to release
FSH and LH

Antidiuretic hormone (ADH): promotes
reabsorption of H2O by kidneys

Oxytocin: induces labour and milk release
from mammary glands in females

Anterior pituitary gland

Growth hormone (GH):

stimulates growth

Adrenocorticotropic hormone (ACTH):

stimulates adrenal glands to secrete
glucocorticoids

Thyroid-stimulating hormone (TSH):
stimulates thyroid gland to secrete
thyroxine

Prolactin (PRL): stimulates mammary
gland growth and milk production in
females

Follicle-stimulating hormone (FSH)
and luteinizing hormone (LH):
regulates menstrual cycle in females;
production of sex hormones

Pancreas (islets of Langerhans)

Insulin: lowers levels of blood glucose

Glucagon: raises levels of blood glucose

Thyroid and parathyroid glands

Thyroxine: increases metabolic rate
and heart rate; promotes growth

Pineal gland

Melatonin: regulates sleep-wake cycles

Parathyroid hormone (PTH): increases
blood concentration of calcium ions

Thymus

Thymosin: triggers T cell formation

Placenta (during pregnancy)

Chorionic gonadotrophin: supports
early pregnancy

Adrenal glands

Epinephrine: produces short-term
stress response

Ovaries (in females)

Estradiol: regulates maintenance and
development of secondary sex
characteristics

Progesterone: prepares uterus for
pregnancy

Testes (in males)

Testosterone: regulates development
and maintenance of secondary sex
characteristics

Cortisol: produces short-term and
long-term stress responses

Aldosterone: increases reabsorption of
sodium ions by kidneys

Kidneys

Erythropoietin (EPO): increases
synthesis of red blood cells

Vitamin D: decreases blood
concentration of calcium ions

Resourceseses
Resources

Digital document Background knowledge: The nervous system (doc-35885)
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TABLE 4.2 Comparing the nervous and endocrine systems

Feature Nervous system Endocrine system

Speed of message Fast Slow

Speed of response Immediate Slow

Duration of response Short Long

Type of message Electrical and chemical (neurotransmitters)
along nerves

Chemical (hormones) through the
bloodstream

4.3.2 Stimulus–response models

stimulus–response model a
representation of an action that
starts with a stimulus and ends with
the response to that stimulus

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. This process can be
represented by a stimulus–response model with feedback (figure 4.18).

The 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.

There are two types of stimulus–response models: open stimulus–response models and closed homeostatic
stimulus–response loop models. Each of these models involves five main components.

The components of a stimulus–response model

1. Stimulus: a change, either an increase or a decrease, in the level of an internal variable
2. Receptor: the structure that detects the change and sends signals to the control centre
3. Control centre: the structure (central nervous system) that evaluates the change against the set point for that

variable and sends signals to the effector about the correction needed
4. Effector: the structure that adjusts its output to make the required correction
5. Response: the corrective action taken
An additional process in the closed homeostatic stimulus response loop model is feedback:
6. Negative feedback: the counteracting or negating effect of the response on the stimulus.

What are receptors?
Receptors are structures that detect stimuli and, except for reflex arcs, transmit signals via sensory neurons to
various control centres in the brain.

central nervous system the part of
the nervous system composed of
the brain and spinal cord

• Some receptors sense changes that are stimuli for open stimulus–response actions.
• Other receptors sense changes that are stimuli for homeostatic stimulus–response loops.

Some examples of different types of receptors include:
• chemoreceptors: receptors that detect changes in dissolved chemicals, such as the carotid body in the

carotid artery, which detects changes in pH and carbon dioxide concentration in the blood
• mechanoreceptors: receptors that detect physical forces; examples include receptors for touch, pressure,

stretch and vibration in your skin (figure 4.15b), pressure receptors in blood vessels and stretch receptors in
joints

• photoreceptors: receptors that detect changes in light, such as the rods and cones in the retinas of your
eyes, which respond to visible light

• thermoreceptors: receptors that detect changes in temperature, such as heat-
sensitive and cold-sensitive nerve endings in your skin (figure 4.15b) and groups
of temperature-sensitive nerve cells in some body organs, including the
hypothalamus of the brain

• osmoreceptors: receptors that respond to changes in osmotic concentration
(osmolality) of body fluids. These receptors are groups of cells located in
the hypothalamus.
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FIGURE 4.15 a. Diagrammatic representations of different receptors b. Photomicrograph showing two Pacinian
corpuscles in the dermis of the skin — the nerve endings of these receptors are enclosed in a capsule.

Vision

a.

Touch Smell Hearing Taste

b.

The open stimulus–response model FIGURE 4.16 The starting gun provides the stimulus for
the runners.Consider a runner on the starting line who hears

the start signal and pushes off the blocks
(figure 4.16).

peripheral nervous system
the part of the nervous system
containing nerves that connect
to the central nervous system

This scenario can be represented by a stimulus–
response model of the action of the nervous
system, as shown in figure 4.17. The model is an
open pathway with three structural components
— receptor, control centre and effector — plus
an input (stimulus) and an output (response).
The response has no effect on the stimulus. The
neurons involved in communicating signals
between the components belong to the peripheral
nervous system.

FIGURE 4.17 Simplified representation of an open stimulus–response model. Nerve connections within the control
centre, such as interneurons in the brain, are not shown.

Response

Sensory neuron

Stimulus Receptor
Control

centre (CNS)
Effector

Motor neuron
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Consider each component of the model for the runner:
• Stimulus: the sound of the start signal
• Receptor: the ears (specifically, hair cells of the cochlea) detect the vibration of the sound of the start

signal.
• Control centre: the brain cortex receives and processes the nerve signal from the ears and transmits a

message about the required response.
• Effector: the skeletal muscles of their arms and legs receive the signal from the control centre.
• Response: the contractions of the muscles of their arms and legs push them off the starting block.

In an open stimulus–response model, there is no feedback provided after the response occurs. We will
compare this to homeostatic stimulus–response loop models, which contain feedback and are a mechanism of
homeostasis.

The homeostatic stimulus–response loop model
Many physiological variables, for example core temperature and blood glucose level, are regulated by
homeostatic stimulus–response loops. A homeostatic stimulus–response loop includes the same components
as the open stimulus–response model, but the stimulus and response are connected by feedback to form a loop.
Figure 4.18 shows the components of a homeostatic stimulus–response loop (homeostatic control loop).

The key additional element in a homeostatic control loop is negative feedback from the response that
counteracts the stimulus.

FIGURE 4.18 Diagram of a stimulus–response model with feedback

Feedback

1  Stimulus 2  Receptor

3  Modulator

or control centre

4  Effector5  Response

Homeostatic control loops differ significantly from open stimulus–response models. Table 4.3 identifies some of
the differences. Note in particular that:

• the homeostatic stimulus–response model forms a closed loop because of negative feedback by the
response to the stimulus

• the sensing of a stimulus by a receptor and the response by an effector are not one-off events; instead, they
occur continually as long as the change in the internal variable (stimulus) means that it is outside its normal
range

• the response counteracts the initial stimulus and is not under conscious control.

In this topic, different homeostatic stimulus–response loop models will be examined for temperature regulation
(subtopic 4.4), blood glucose regulation (subtopic 4.5) and water balance (subtopic 4.6).
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TABLE 4.3 Comparison of an open stimulus–response model and a closed homeostatic stimulus–response loop

Feature Stimulus–response model Homeostatic loop model

Outcome of operation Specific motor actions performed Steady level (homeostatis) of
internal variable

Stimulus Change in external or internal
environment

Change in level of a variable
outside its narrow range

Receptor One-off sensing of the change Continual sensing until change is
corrected

Control centre Cerebral cortex of the brain Hypothalamus and hindbrain

Effector Skeletal muscles Smooth muscles, glands and
organs

Response Mainly voluntary responses but also
involuntary (reflex) responses

Only involuntary physiological
responses, but behavioural
responses can occur

Feedback from response to
stimulus

No Yes, negative feedback

Pathway Open Closed

Communication: receptor to
control centre

Sensory nerve pathway of the
somatic nervous system1

Sensory nerve pathway of the
autonomic nervous system2

Communication: control centre to
effector

Motor nerve pathway of the somatic
nervous system

Signal sent by nerve or by
hormone carried in blood

1 The somatic nervous system is the part of the peripheral nervous system associated with voluntary control of movement.
2 The autonomic nervous system is the part of the peripheral nervous system associated with involuntary control of bodily

functions.

Two homeostatic loops in action
The regulation of key variables typically depends on more than one homeostatic control loop. In many cases,
regulation is achieved by the joint operation of two homeostatic loops.

The continual monitoring by the receptors, combined with the corrective responses of the effectors, ensures that
the variable is tightly regulated within its set point range. Figure 4.19 shows the operation of two homeostatic
control loops concerned with the regulation of a key variable. If the response by one loop overcompensates for
the change in core temperature, the second loop makes the needed adjustment.

FIGURE 4.19 Diagram showing only the stimuli and the responses of two homeostatic loops involved in the
regulation of a variable. (Not shown here are the associated receptor, control centre and effector of each loop.)

Stimulus:

decrease in variable

Stimulus:

increase in variable

Response:

increase in variable

Response:

decrease in variable

Set point range

of variable
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Homeostatic control loops do not simply run through a cycle once. Receptors are continually monitoring the
levels of variables, and effectors are constantly producing corrections when levels move outside the narrow
ranges around set points, as shown in figure 4.20. This process is known as negative feedback, which is explored
in section 4.3.3.

FIGURE 4.20 Diagram showing the actions of the receptors and effectors of two homeostatic control loops
involved in regulating the level of a variable. The receptor and effector of one loop are shown in pink, and those of
the second loop are shown in green.
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What variables are under homeostatic control loops?
Many variables in our body are regulated through the use of homeostatic control loops. Some of these are shown
in table 4.4.

TABLE 4.4 Examples of regulation by homeostatic control loops

Regulated
variable Normal range Receptors and location Control centre Effectors

Core body
temperature

36.5 to 37.5 oC Thermoreceptors in skin
and in hypothalamus

Hypothalamus Blood vessels, sweat
glands and skeletal
muscles

When fasting:
chemoreceptors
in pancreas and
hypothalamus

Hypothalamus and
pancreas

Blood glucose
3.6 to 6.8
mmol/L Non-fasting:

chemoreceptors in
pancreas

Pancreas
Liver and adipose tissue

Plasma Ca2+ 2.1 to 2.4
mmol/L

Chemoreceptors in
parathyroid gland

Parathyroid gland Bone, kidney and
intestine

Plasma K+ 3.5 to 5.0
mmol/L

Chemoreceptors in
adrenal cortex

Adrenal cortex Kidney

(continued)
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TABLE 4.4 Examples of regulation by homeostatic control loops (continued)

Regulated
variable Normal range Receptors and location Control centre Effectors

Chemoreceptors in
carotid, aorta and brain

Brain stem (medulla) Lungs and diaphragm
muscles

H+

concentration in
arterial blood
(pH)

7.35 to 7.45
Chemoreceptors in
kidney

Kidney Muscles and kidney

Mechanoreceptors in
aorta and carotid artery

Brain stem Heart and blood vessels
Mean arterial
blood pressure

70 to 100 mmHg
Mechanoreceptors
and chemoreceptors
in kidney

Kidney Kidney and adrenal
cortex

Osmolality of
blood

275 to 295
mmol/kg

Osmoreceptors in
hypothalamus

Hypothalamus and
posterior pituitary

Kidney

Mechanoreceptors in
carotid artery and heart

Blood vessels Blood vessels
Volume of blood
(circulating)

Approx. 5 L
Mechanoreceptors in
kidney

Kidney Kidney

Resourceseses
Resources

eWorkbook Worksheet 4.2 Maintaining the balance (ewbk-7493)

Weblink Sensory receptors

4.3.3 Feedback loops
Feedback can be variously defined as:

• the response of a system that influences its ongoing activity
• a mechanism in which the output of a process is directed back to and affects the input to the process.

The effect of feedback may either amplify the input or counteract it.

feedback loop a process in
which the response (output)
in a stimulus–response action
affects the stimulus (input),
either increasing or decreasing it

This process of stimulus–response and feedback is referred to as a feedback
loop. Figure 4.21 shows a representation of a feedback loop. Here, the system
includes a detector to receive the input, a control centre to evaluate the input and
identify a response, and an effector to generate the output. The arrows denote
communication between the parts of a feedback loop.

FIGURE 4.21 Diagram of a feedback loop

Feedback

Result: Input altered (either ampli	ed or counteracted)

Input

(stimulus)
System

Output

(response)
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There are two main types of feedback:

negative feedback a regulatory
mechanism in which a stimulus
results in a response that is opposite
in direction to that of the stimulus

positive feedback a process in
which the response to a stimulus
causes an amplification of the initial
change, increasing its level further
away from the starting value

• negative feedback: when the response feeds back to and counteracts the change in the variable. This is a
homeostatic mechanism.

• positive feedback: when a change in a variable produces a response that further amplifies the stimulus and
increases its effect.

TIP: Be very careful of a common misconception when talking about negative and positive feedback. Negative
feedback is not always a decrease of a variable. It is about returning a variable back to the narrow range around
its set point. Sometimes, negative feedback may involve increasing a variable to bring it back to normal.

Negative feedback loops in homeostasis
A negative feedback loop is a process in which the body senses a change in a variable and activates mechanisms
to reverse the change. Negative feedback is a key component of homeostatic control loops that regulate many
body variables and maintain the body’s internal conditions within narrow limits.

A key feature of a negative feedback loop is that the response is opposite in direction to that of the original
stimulus.

So:
• if the stimulus is an increase in a variable, then the response is a decrease in the same variable.

For example, if the blood glucose level is too high, negative feedback results in it decreasing to normal.
• if the stimulus is a decrease in a variable, then the response is an increase in the same variable.

For example, if the blood glucose level is too low, negative feedback results in it increasing to normal.

Negative feedback is an important control mechanism in almost all processes of homeostatic regulation. In
subtopics 4.4, 4.5 and 4.6, we will explore specific examples of negative feedback
loops in body temperature, blood glucose and water balance.

Figure 4.22 shows the negative feedback process. In each example, the input is the
stimulus and the output is the response. The response counteracts the change in
stimulus. For simplicity, these figures focus on the interaction between the response
and the stimulus — they do not show the other components of a homeostatic
feedback loop, namely the receptor, control centre and effector.

FIGURE 4.22 During a negative feedback loop, if a stimulus is a. too high or b. too low, a response acts to bring it
back to normal.
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CASE STUDY: Negative feedback loops in the endocrine system

Case 1: Negative feedback in thyroid hormone secretion

FIGURE 4.23 Feedback loops in the
regulation of the release of the thyroid
hormones T3 and T4
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T3, T4

Negative

feedback

Thyroid gland

To body tissues

–

+
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The thyroid gland synthesises and releases the hormones T3
(triiodothyronine) and T4 (thyroxine). The image that opens
this topic shows large follicles (top left and lower right) in the
thyroid gland, lined by cuboidal secretory epithelial cells (red),
that are secreting T3 and T4. The thyroid follicles are filled
with a liquid called thyroglobulin or thyroid colloid, which is a
storage form of the thyroid hormones.

After release into the blood, much of the T4 hormone is
converted into the more active T3 hormone, mainly in the liver
but also in other tissues.

Thyroid hormones influence development, growth and
metabolism of tissues, organs and systems throughout the
body, beginning in foetal life. Almost all body cells have
receptors for these hormones. The hormone–receptor
combination binds to DNA in target cells and so acts directly
on genes, either stimulating or inhibiting gene expression.

The release of the T3 and T4 hormones involves the following:
• Specific cells in the hypothalamus are stimulated by

signals such as stress, cold and nutritional status to release
thyrotropin-releasing hormone (TRH).

• TRH travels via the blood to the anterior pituitary, which
responds by releasing thyroid-stimulating hormone (TSH).

• TSH is carried by the blood to the thyroid gland, which
is stimulated to release its T3 and T4 hormones (the
response).

When the circulating thyroid hormones increase above a
particular level, negative feedback mechanisms come into
play. They inhibit the production of TSH by the anterior
pituitary and TRH by the hypothalamus, stopping the release
of T3 and T4. When the blood levels of these hormones fall,
the thyroid gland again releases T3 and T4. Figure 4.23 shows
a summary of these processes.

Case 2: Negative feedback in hormonal control of
blood calcium level

Calcium ions in the extracellular fluids of the body are involved in many cell activities, including nerve
transmission, bone and cartilage formation, blood clotting and muscle contraction. The level of calcium ions
(Ca2+) in the blood is tightly controlled by a homeostatic mechanism involving two hormones and negative
feedback.

There are two hormones involved in the homeostatic control of the level of calcium ions in the blood:
• Parathyroid hormone (PTH) is released by the parathyroid glands:

• Calcium sensors in the parathyroid glands detect falls in blood calcium levels below the normal range.
• PTH is released in response to these falls.
• PTH acts on bone to release some of its calcium store, and also activates the kidneys to convert inactive

vitamin D to an active form that increases calcium reabsorption by the kidneys and calcium absorption
from the gut.
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• Calcitonin hormone is released by the thyroid gland:
• Calcium sensors in the thyroid detect rises of blood calcium levels above the normal range.
• Calcitonin is released in response to these rises.
• Calcitonin inhibits reabsorption of calcium from bone, decreases calcium reabsorption by the kidney and

decreases the calcium absorption from the gut.

Figure 4.24 shows the interaction of PTH and calcitonin in the homeostatic control of blood calcium levels. Note
that for each hormone, the response that it produces is opposite in direction to that of the stimulus. These are
examples of negative feedback.

FIGURE 4.24 A summary of the interactions of PTH and calcitonin in regulating the blood levels of calcium
ions

Normal Ca++ level in blood

PTH

Thyroid gland

Calcitonin

Parathyroid

glands

Release Release

Response:
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Response:
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Stimulus:

level falls

Stimulus:
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Positive feedback loops
In homeostatic control loops, the feedback involved is negative and counteracts the stimulus. However, feedback
can also be positive.

A positive feedback system is a cycle of continuing change in which an original change is increasingly
amplified. Because positive feedback loops amplify an initial change further from the set point, positive
feedback is not part of homeostatic control mechanisms. However, positive feedback can be seen in operation
in various biological settings.

Positive feedback acts to increase the magnitude of a stimulus, moving it further from a set point.

Childbirth

Positive feedback is involved in the process of childbirth.

oxytocin a hormone that induces
labour and milk release from
mammary glands in females

During labour, as a baby starts its journey from its mother’s uterus, the hormone
oxytocin is released from the posterior pituitary gland in response to a signal from the
hypothalamus. The action of oxytocin casuses contractions of the wall of the uterus.

The cervix at the exit of the uterus has pressure receptors that are stimulated by pressure from the baby’s head.
As the pressure from the baby’s head increases, more oxytocin is released, and this stimulates even stronger and
more rapid contractions of the wall of the uterus. The increased rate of contractions causes the release of more
oxytocin, creating a positive feedback cycle that leads to even stronger contractions (figure 4.25). This cycle
continues, producing more and stronger contractions that continue until the baby is born.
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FIGURE 4.25 Positive feedback system during childbirth
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Two other examples of positive feedback are:
• breastfeeding: a baby suckles at the breast,

leading to the release of oxytocin and
prolactin, which causes the ejection and
release of breast milk. As the baby continues
to suckle, positive feedback occurs and more
oxytocin and prolactin are released, resulting
in the production of more breast milk.

• fruit ripening: Do all the fruit on a tree
change quickly from all being unripe to
all being ripe? The trigger for this event is
the ripening of the first fruit. As it ripens,
this single fruit produces ethylene, releasing
it through its skin. Ethylene is a gaseous
plant hormone that stimulates fruit ripening.
Release of ethylene from the first fruit to
ripen causes its near neighbours to ripen,
so they also produce ethylene that will
stimulate even more fruit to ripen, and so
on. Very shortly, all the fruit on the tree will
have ripened in response to the ethylene
hormone.

It is important to note that positive feedback is
not a homeostatic pathway. As such, positive
feedback loops are much less common. When the
initial stimulus is removed, the positive feedback
loop is stopped, and negative feedback allows for everything to return to normal.

SAMPLE PROBLEM 2 Comparing feedback loops
tlvd-1748

Compare and contrast the processes of negative and positive feedback. (2 marks)

THINK WRITE

1. In compare and contrast questions, you need
to provide both similarities and differences
between the processes. As this question is
worth 2 marks, 1 mark is for comparing and
1 mark is for contrasting.

2. Compare the processes by considering
similarities between negative and positive
feedback loops.

Both negative and positive feedback loops use the
stimulus–response model, in which a stimulus is
detected by a receptor, messages are sent to control
centres and effectors, and a response occurs (1 mark).

3. Contrast the processes and outline differences
between them. You must ensure you address
both processes in your response.

Negative feedback is when a response counteracts
the change in a variable, allowing it to be returned to
normal. This can be contrasted with positive feedback,
in which a response causes an amplification of a
variable, moving it further away from a set point.
Negative feedback, unlike positive feedback, is a
mechanism of homeostasis (1 mark).
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Resourceseses
Resources

eWorkbook Worksheet 4.3 Positive and negative feedback loops (ewbk-7495)

Video eLesson Maintaining a stable internal environment (eles-3884)

KEY IDEAS

• Homeostasis is the maintenance within a narrow range of conditions in the internal environment.
• Many variables, including blood glucose and core body temperature, are kept within a narrow range around their
set points by homeostatic control loops.

• Stimulus–response with negative feedback is a key mechanism for the homeostatic regulation of physiological
variables.

• The first step involved in a homeostatic stimulus–response loop is the detection of a stimulus (such as a change
in variable) by a receptor.

• A receptor sends a message to a control centre (such as the hypothalamus in the brain) that evaluates the
signal, determines the response needed, and sends this message to an effector.

• An effector carries out the response that counteracts the stimulus, returning the variable to within the set range.
• Negative feedback loops are key mechanisms of homeostasis that allow for the return of a variable to its
required range.

• Positive feedback is not a mechanism of homeostasis. It causes an amplification of a stimulus further from a
set point.

4.3 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

4.3 Quick quiz 4.3 Exercise 4.3 Exam questions

4.3 Exercise

1. Identify why homeostasis is important for sustaining life.
2. Identify four physiological variables in humans that are under homeostatic control.
3. Would you expect the normal range for blood pressure to be the same across all animals? Justify your

response.
4. Identify the role of the control centre in the homeostatic stimulus–response model.
5. Compare and contrast chemoreceptors and mechanoreceptors.
6. Identify a difference between an open stimulus–response model and a homeostatic closed loop model in

terms of:
a. any relationship between the stimulus and the response
b. the nature of the response
c. the means of transmission of a signal from a receptor to the control centre.

7. Describe the difference between
a. a receptor and an effector
b. negative and positive feedback.

8. Imagine you are walking in a garden. Your bare arm is suddenly punctured by a thorn on a rose bush and you
immediately pull your arm back.
a. Draw a flowchart outlining the stimulus–response model for this event.
b. Explain if this is an example of an open or a closed loop.
c. Is this an example of homeostatic regulation?
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9. For each of the following processes, determine if it includes a negative or a positive feedback loop.
a. When you cut your finger, your cells produce thrombin, an enzyme that helps with blood clotting. The

presence of the thrombin enzyme causes more thrombin to be produced.
b. As part of the immune response, a special protein known as complement is activated. This complement

activates more complement molecules, causing a complement cascade.
c. The human body maintains a stable pH of around 7.40 (with the exception of areas of digestion). When the

pH rises, a condition caused alkalosis can occur. One response to alkalosis is the automatic depression of
breathing rate. This causes a rise in the carbon dioxide level in the blood, which lowers the pH. Once the
pH has returned to normal, the depression of breathing rate is lifted.

10. Why is positive feedback not identified as a homeostatic mechanism?

4.3 Exam questions

Question 1 (1 mark)
Source: VCAA 2011 Biology Exam 1, Section A, Q21

MC An example of homeostasis is when
A. root hairs of a pumpkin plant grow towards a source of water.
B. evaporation of water from the body surface after swimming has a cooling effect.
C. cabbage plants grown in a phosphorus-deficient soil mobilise phosphorus from tissues and release it into the

phloem.
D. the body surface colour of the chameleon lizard changes to match the colour of the foliage on which it is

resting.

Question 2 (1 mark)
Source: VCAA 2007 Biology Exam 1, Section A, Q16

MC Homeostatic systems comprise components such as sensors, effectors and variables. In such systems, the
component being kept relatively constant is

the variable.A. input to the sensor.B.
input to the effectors.C. output from the effectors.D.

Question 3 (1 mark)
Source: VCAA 2012 Biology Exam 1, Section A, Q13

MC The following flow chart shows a feedback mechanism related to parathyroid hormone. Parathyroid
hormone acts on various parts of the body and stimulates an increase in the concentration of blood calcium.

parathyroid glands

parathyroid hormone

kidneys bonesintestines

blood calcium

At any fall in the level of calcium in the blood, action by the parathyroid hormone would result in
A. a rise in the level of calcium in urine.
B. an increase in absorption of calcium by bones.
C. a reduction in the activity of the parathyroid glands.
D. increased absorption of calcium from the intestines.
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Question 4 (1 mark)
Source: VCAA 2008 Biology Exam 1, Section A, Q23

MC In mammals the parathyroid gland secretes parathyroid hormone (PTH). PTH is involved in regulating the
concentration of calcium in blood plasma. Parathyroid hormone increases the amount of calcium in plasma by
causing calcium to move from bone to the plasma, and by assisting the uptake of calcium from the alimentary
canal. PTH also stimulates the kidney to activate vitamin D.

The concentration of calcium in plasma acts directly, in negative feedback, to regulate the output of parathyroid
hormone. From this information it would be expected that
A. increased production of PTH results in reduction of vitamin D activation.
B. reduced production of PTH results in increased calcium in the faeces.
C. sustained overproduction of PTH results in strengthened bones.
D. high levels of blood calcium stimulate release of PTH.

Question 5 (5 marks)
Source: VCAA 2004 Biology Exam 1, Section B, Q4b, 4c

Human blood-calcium concentrations are under homeostatic control. When the concentration of calcium in the
blood begins to fall the parathyroid gland releases parathyroid hormone. This hormone stimulates bone cells
called osteoclasts to break down bone and release calcium into the blood.

When the concentration of calcium rises in the blood, specialised cells associated with the thyroid gland release
the hormone calcitonin. Calcitonin acts on bone and increases the amount of calcium that is deposited into bone.
a. What is the general name given to structures that detect the changes in blood-calcium

concentrations? 1 mark
b. The control of blood-calcium concentrations involves negative feedback. What is negative

feedback? 4 marks

More exam questions are available in your learnON title.

4.4 Regulation of body temperature in animals

KEY KNOWLEDGE

• Regulation of body temperature in animals by homeostatic mechanisms, including stimulus–response
models, feedback loops and associated organ structures

Source: Adapted from VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

4.4.1 Core body temperature

FIGURE 4.26 The temperatures in the
external environment may be different, but
the internal environment stays the same.

One variable under homeostatic control is core body
temperature. The temperature of the external environment can
vary — it may be hot one day and cold the next. Regardless
of the variation in the external temperature, in many animals,
the core temperature needs to be maintained in a relatively
narrow range. These animals, which maintain a relatively steady
internal temperature, are known as endotherms.

Different species have different narrow ranges for varying
factors that they must keep within. For example, the core body
temperature of the human body and most mammals at rest is
about 37 °C, with a typical narrow range of 36–39 °C. For birds,
typical core body temperature is much higher, 39–42 °C. Other
animals, such as reptiles, cannot regulate their temperature
as closely.
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FIGURE 4.27 Heat signature of Lettie, a
Labrador dog, obtained with an infra-red
camera that detects surface temperatures

core body temperature
temperature of internal cells
of the body; in humans, core
temperature is around 37 °C

Core body temperature relates to the temperature in organs
and deep tissues within the core of the body.

peripheral surface
temperatures temperature of
cells on the outside of the body;
may be many degrees cooler
than core temperature

Core temperature must be distinguished from peripheral
surface temperatures, which 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 person’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 for maintaining body functions. A person’s
core body temperature 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.

thermograph an instrument that
shows the surface temperature
or heat signature of an object

The difference 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
temperatures or heat signature of an object as seen in the heat signature of Lettie, a Labrador dog, in figure 4.27.
The bar at the right shows colour-coded temperatures in order. In spite of all this variation in her surface
temperatures, Lettie’s core body temperature is maintained within the narrow range of 37.7 °C to 39.2 °C.

4.4.2 Why do animals need to regulate body
temperature?
In order for functions in the body to be maintained, it is important that a relatively
stable internal core temperature is maintained. If the core temperature is too high,
proteins in the body can begin to denature, including enzymes that are vital for
metabolic processes. As well as this, water is lost during to excessive perspiration,
and cellular death occurs. If the core body temperature is too low, cellular processes
slow. As temperatures continue to decrease, these cellular processes can no longer
sustain life. Therefore, the ability to regulate core body temperature is incredibly
important.

EXTENSION: How do ectotherms ‘regulate’ temperature?

FIGURE 4.28 Snakes rely on
external heat.

We have been examining the control of body temperature in animals that
produce their own body heat. But how do animals that rely on an external
source of heat (ectotherms) regulate their body temperature?

To access more information on this extension concept, please download
the digital document.

Resourceseses
Resources

Digital document Extension: How do ectotherms ‘regulate’
temperature? (doc-35886)
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4.4.3 How do animals regulate body temperature?
The core body temperature of a healthy person averages about 37 °C and varies only within a narrow range,
from 36 °C to 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 temperature 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
specific limits.

thermoregulation the maintenance
of core body temperature

Thermoregulation is the regulation of body temperature. It occurs through
homeostatic mechanisms, allowing for a response to either increase or decrease the
core body temperature. Many of these responses are physiological.

Physiological processes are not under a person’s conscious control; instead, they occur automatically — you do
not have to think about starting them. These processes are initiated by centres in the hypothalamus of the brain.

If the body temperature falls below the set point, physiological processes increase heat production within the
body and reduce heat loss. As a result, the body temperature rises. (This is a bit like switching the heater on in a
room and closing the windows.) If, however, the body temperature rises, other physiological processes produce
an increase in heat loss from the body so that the body temperature falls. (This is a bit like opening the windows
in a hot room to let cooler air in.) These processes are shown in figure 4.29.

FIGURE 4.29 Diagram showing physiological mechanisms that lead to the production or loss of heat

Hypothalamus

Vasoconstriction Shivering Vasodilation SweatingRise in
metabolic rate

Hair
raised

Decrease in
metabolic rate

Hair lowered

Core body temperature

Falls Rises

Heat production and heat

conservation centre
Heat loss centre

The components involved in homeostatic control of core body temperature are receptors, control centre and
effectors that form a negative feedback loop. Their functions are as follows:

• receptors sense (detect) changes in the external and internal temperatures: this is carried out by free nerve
endings that are temperature-sensitive receptors for heat and cold. These receptors are located in the skin,
liver, skeletal muscles and hypothalamus.

• the control centre identifies the response to change: groups of nerve cells in the hypothalamus can receive
either ‘warm’ or ‘cold’ signals from the thermoreceptors, compare them with the desired set point, identify
the response needed and signal this to effectors.

• effectors respond to change: blood vessels in skin, brown adipose tissue (BAT), skeletal muscles and sweat
glands defend against heat or cold through automatic (involuntary) responses (see table 4.5). Effectors and
their responses are covered in detail in sections 4.4.4 and 4.4.5.
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TABLE 4.5 Effectors and their automatic (involuntary) responses involved in thermoregulation

Effectors Responses in cold Responses in heat

Blood vessels in skin Reduced blood flow through skin
surface vessels (vasoconstriction)

Increased blood flow through skin
surface vessels (vasodilation)

Brown adipose tissue (BAT) Heat-producing BAT metabolism
activated

BAT metabolism inhibited

Skeletal muscles of limbs and
trunk

Shivering occurs Shivering inhibited

Sweat glands Sweating inhibited Sweating occurs

Means of losing body heat
The body can lose heat in a variety of ways. This is important in regulating body temperature. When our body
temperature is too high, we want to maximise heat loss. When our body temperature is low, we do not want to
lose heat, so our bodies work to minimise heat loss.

Body heat can be lost by:
• convection: occurs when colder air or water moves past exposed areas of a warmer body — the faster the

wind speed or the water current and the colder the air or the water, the greater the rate of heat loss
• conduction: occurs when heat is lost to a thin layer of still air or water (or a solid) that is in direct contact

with a warm body. Heat is conducted away from the body about 25 times faster in cold water than in air at
the same temperature.

• radiation: all heated objects radiate heat as infra-red electromagnetic radiation — no air or water is
required and no contact is needed

• evaporation: occurs when water from a person’s skin or airways changes state from liquid to vapour, a
process that requires an input of heat energy that is taken from the body.

FIGURE 4.30 Losing body heat from skin

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)
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4.4.4 When body temperature is too low

FIGURE 4.31 Ice water rescue training
Usually, homeostasis ensures that body temperature is regulated
so that when body temperature decreases, mechanisms allow
it to increase back to normal levels. People wearing light
clothing who are exposed for an extended period to cold still
air, cold wind or rain, or are immersed in cold water are at
risk of hypothermia. If a person’s core body temperature falls
below 35 °C, a state of hypothermia is said to exist. In this
situation, heat gain and heat loss are out of balance, with heat
loss in excess of heat gain. Table 4.6 shows indicative stages of
hypothermia. Prolonged severe hypothermia with further falls in
core temperature can result in death.

TABLE 4.6 Stages of hypothermia

Stage
Core
temperature Symptoms include:

Mild 35–32 °C Shivering; increased heart rate and
breathing; cold pale skin; loss of
manual dexterity

Moderate 32–28 °C Shivering stops; decreased heart
rate and breathing; pupils dilated;
confused and irrational thinking

Severe Less than
28 °C

Slow, weak or absent pulse;
fluid gathers in lungs; loss of
consciousness; coma; heart failure

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 when it sank in
the North Atlantic Ocean on 15 April 1912. The water temperature on that morning is thought to have been
just above −2 °C. Those passengers who were immersed in the ocean and could not get into life boats died
quickly from hypothermia.

• 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. Many of the
deaths that have occurred on Mount Everest are from exhaustion hypothermia.

hypothermia condition in which
an individual has an extremely low
body temperature and is at risk of
death

acute hypothermia occurs when
a person is suddenly exposed to
extreme cold

exhaustion hypothermia occurs
when a person is exposed to a cold
environment and cannot generate
sufficient metabolic heat to maintain
their core body temperature due to
exhaustion or lack of food

Figure 4.32 summarises the homeostatic mechanisms that correct a fall in body
temperature. This is a closed stimulus–response model with negative feedback by
the response that counteracts the stimulus. The responses seen in various mammals
are of two types:

• a heat-conserving mechanism to reduce heat loss from the body, that is
vasoconstriction of cutaneous (skin) blood vessels

• heat-producing mechanisms to produce internal heat, such as shivering and
brown adipose tissue (BAT) metabolism.
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FIGURE 4.32 The stimulus–response model when body temperature decreases
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Heat-conserving mechanisms: vasoconstriction
Because of the large surface area of the skin — about 2 square metres in a typical adult — the cutaneous (skin)
blood vessels can be a major source of heat loss from the body — about 90 per cent. For this reason, regulation
of the cutaneous blood vessels plays an important role in thermoregulation.

vasoconstriction narrowing of
the diameter of blood vessels

Blood vessels are routinely under a low background level of vasoconstriction.
When core body temperature falls below normal, nerve signals from the
hypothalamus are sent via sympathetic nerve fibres to cutaneous blood vessels.
These signals increase the constriction of cutaneous blood vessels to limit blood
flow to the skin, resulting in less heat loss across the skin and more heat retained within the body.

FIGURE 4.33 During vasoconstriction, a pre-capillary sphincter narrows, preventing blood flow into the capillary
bed and minimising heat loss across the skin surface.
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shunt vessels direct connections
between arterioles and venules that
bypass capillary beds

Vasoconstriction also affects small rings of smooth muscle (pre-capillary sphincters)
around entries to capillary beds close to the skin surface. When this happens, the
blood flow to these capillaries is greatly reduced. Instead, the blood flows through
shunt vessels that are directly connected to arterioles and venules (figure 4.33). In
extreme cold, blood flow through the skin capillaries can be almost zero.

Heat-conserving mechanisms: piloerection

FIGURE 4.34 A human arm in cold conditions that
shows raised hairs and goose bumps. This insulation
will not prevent heat loss.

A distinguishing feature of mammals, except for
whales and porpoises, is the presence of hair or
fur over all or most of their bodies. Piloerection
means ‘hair standing on end’, and it occurs in
many mammals. In humans it is easily seen as
‘goosebumps’ around each hair follicle (see
figure 4.34).

Piloerection is an involuntary response that can occur
when a mammal is fearful, aggressive, in shock or is
in a cold environment. Mammalian hair grows from
a cell-lined cavity (follicle) within the skin. A tiny
bundle of smooth muscle fibres is attached near the
base of each hair follicle. When the hypothalamus
receives input from cold sensors, it sends impulses
via sympathetic nerve fibres to these muscles, causing
them to contract and raise the hair or fur.

FIGURE 4.35 A mourning dove
(Zenaida macroura) whose fluffed-up
feathers act as an insulator, restricting
heat loss

Although raised hair is not important for heat conservation for
humans, the piloerector response is an important heat conservation
mechanism in almost all other mammals. Raised hairs create a layer
of still air between the skin and the external environment that acts
as an insulator and reduces heat loss from the body. Fluffed-up
feathers play a similar insulating role for birds (figure 4.35).

Heat-producing responses: shivering
Shivering is the alternate contraction and relaxation in rapid
succession of many small skeletal muscle groups in the upper limbs
and body trunk. It is an involuntary action that occurs in persons
exposed for an extended period to cold air or water and who are not
suitably protected from the cold. Shivering usually starts when the
core temperature has fallen to 35 oC. Figure 4.36 shows a young
girl shivering after swimming in cold water. She also shows a
voluntary behavioural response by wrapping her arms around her
body — this reduces her surface area that is exposed to the cold air
and reduces her heat loss.

The hypothalamus contains a centre that controls the shivering
reflex. The signal for shivering is transmitted from the
hypothalamus to skeletal muscles via motor neurons of the somatic
nervous system. (Typically, skeletal muscle stimulation involves
voluntary actions, but this is not the case for shivering — you
cannot control it.)
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FIGURE 4.36 A girl shivering after swimming in a
cold lake

Shivering requires energy. To power their shivering,
muscles release energy from their cellular store, and
heat energy is released in this process. Shivering
increases the body’s metabolic rate and raises the
associated heat production to about five times that of
the resting rate (basal metabolic rate). Thus, shivering
produces significant amounts of additional heat for the
body. However, because of its high rate of energy use,
shivering cannot be sustained for long periods because
the energy stores of muscle tissue become depleted —
they run out of fuel!

Heat-producing responses: brown adipose
tissue (BAT) metabolism
All mammals have two types of adipose (fat) tissue: one type formed of white fat cells that serve as energy
stores, and a second type composed of brown adipose cells. Newborn babies have a large supply of brown
adipose tissue (BAT). The amount of BAT declines after birth, but some BAT is present in most adult humans
for most of their lives. In adults, BAT is located in the neck, shoulders and armpits, and alongside the
vertebral column.

All cells break down glucose and produce ATP, which is the energy source needed for life functions. This
process of cellular respiration captures about 40 per cent of the energy from the glucose as ATP molecules, and
about 60 per cent is released as heat.

However, when a person’s core temperature falls below normal, BAT cells can switch to another form of
metabolism. These cells break down fatty acids, rapidly releasing almost 100 per cent of the energy directly as
heat, with no production of ATP. Heat production by BAT cells can be sustained in the longer term.

This heat-producing metabolic response is activated by a signal sent from the hypothalamus via sympathetic
nerve fibres to BAT. This heat source is important when the core body temperature can no longer be regulated by
vasoconstriction of cutaneous blood vessels and when shivering can no longer continue.

EXTENSION: Metabolic rate
Another mechanism that affects body temperature is changes in the basal metabolic rate. Metabolic processes
in the body produce heat. The minimum amount of heat generated internally is the so-called basal metabolic rate.
This rate is linked with how quickly fuels are broken down through cellular respiration to produce ATP.

Changes in metabolic rate are not often due to a fall in temperature; rather, they are responses to an increased
metabolic demand, such as during exercise. Although such change is not a direct mechanism of homeostasis
and thermoregulation, it is important to consider the ways in which metabolic rate affects body temperature,
which as outlined above is controlled by various effectors and responses that restore it to a normal range.

basal metabolic rate the
minimum amount of heat
generated in the body by
metabolic processes

Changes in metabolic rate are initiated by a centre in the hypothalamus. When
metabolic demand increases, the hypothalamus releases a hormone known as
thyrotropin-releasing hormone (TRH). This causes the release of thyroid-stimulating
hormone (TSH) from the pituitary gland. This activates the thyroid gland, causing
the hormones triiodothyronine (T3) and thyroxine (T4) to be released (see the Case
study in section 4.3.3). These hormones act to increase the metabolic rate of body
cells, leading to increased heat production (see figure 4.37).
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FIGURE 4.37 The hypothalamus, pituitary gland and thyroid gland all release hormones vital for the regulation
of body temperature.
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Behavioural changes
In this subtopic, you have been introduced to many involuntary responses to a fall in core body temperature that
are controlled by the hypothalamus of the brain. In addition to these involuntary responses, mammals carry out
many voluntary behaviours that produce an increase their body temperature (see table 4.7).

These voluntary actions, such as rubbing your hands together when they become cold, are voluntary motor
responses under the control of the brain cortex. In some cases, voluntary actions may occur before the cold
receptors in the skin have been activated. For example, you might put on a woollen cap before going outside on
a cold day because you are aware from other sensory inputs that it will be cold outside — maybe a news report
you heard or the grey sky with rain clouds you saw through a window.

TABLE 4.7 Examples of behaviours to reduce heat loss humans

Behaviours for gaining and conserving heat

Vigorously exercising

Putting on another layer of clothing

Soaking in a hot bath

Having a hot drink

Rubbing your hands together

Reducing exposed body surface area

Wearing a hat and gloves

Standing in front of a heater

Changing our clothing is one behaviour in which we commonly engage to regulate body heat. Wearing clothing
causes a significant reduction in the loss of body heat from a person. This is particular important for us humans
as we do not have structures that some animals have (such as fur and blubber).
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A naked person radiates body heat to the environment to varying degrees over their entire body surface (see
figure 4.38a). When the person adds grade 3 thermal clothing (see figure 4.38b), 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 figure
4.38c), 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.

FIGURE 4.38 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.

a. b. c.

4.4.5 When body temperature is too high
The core body temperature of a person can increase above the upper end of the normal range. If the core body
temperature rises to 38 °C or higher, a state of hyperthermia has started.

Hyperthermia is of two different types:
• Non-fever hyperthermia: caused by external factors, and the set point for core body temperature stays

within its normal narrow range, typically 36.5 to 37.5 oC. This type can result in heat stroke.
• Fever hyperthermia: the set point for core body temperature is reset to a higher value, anything from 38 oC

to greater than 40 oC. This type produces fever of differing severity depending on the reset level. This is
discussed further in the Extension box at the end of this subtopic.

Non-fever hyperthermia

hyperthermia condition in
which core body temperature
exceeds the upper end of
the normal range without any
change in the temperature set
point

heat exhaustion an increase
in core body temperature;
symptoms include poor
coordination, slower pulse
and excessive sweating; may
develop into heat stroke

heat stroke a critical and life-
threatening condition where
brain function is affected;
symptoms include high core
body temperature in excess
of 40 °C, slurred speech,
hallucinations and multiple
organ damage

Core temperature rises above the normal narrow range 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. These 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.

Hyperthermia may be mild at first, but it can become more serious if the
core body temperature continues to rise. As the core temperature increases, a
person will show signs of heat exhaustion. This may then develop into heat
stroke. Heat stroke is a serious and life-threatening condition in which the core
temperature rises above 40 °C and a person’s brain function becomes affected, as
seen in the appearance of symptoms of delirium, convulsions or coma (table 4.8).
If untreated, the excessive heat load in heat stroke eventually overwhelms the
body’s homeostatic mechanisms. (Further details of heat stroke are covered in
the Case study at end of this section.)
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Two types of heat stroke are recognised:
• exertional: can occur in persons engaged in extended periods of strenuous physical activity in hot and

humid conditions, such as when running a marathon
• situational: also termed non-exertional; can occur, for example, during heat waves in older persons living

alone in poorly ventilated housing without air conditioning, in young children left in locked cars with
closed windows, or in people in hot tubs when the water temperature is above 40 oC.

TABLE 4.8 Symptoms of heat exhaustion and heat stroke

Heat exhaustion Heat stroke
Headaches, nausea and vomiting Headaches, nausea and vomiting

Excessive sweating Minimal sweat

Fatigue and exhaustion Possible seizures or coma

Poor coordination Dizziness and delirium, with slurred speech

Slow pulse Fast pulse

Thirst Excessive thirst

Increase in body temperature Skin may feel cool compared to internal body temperature

An increase in core body temperature is the stimulus that starts the homeostatic mechanisms that will lower the
temperature to within the normal narrow range (figure 4.39).

• The stimulus is detected by heat receptors in the skin and various organs, and is signalled to the
hypothalamus.

• The hypothalamus signals a range of automatic ‘cooling down’ instructions for effectors.
• The effectors are cutaneous blood vessels and sweat glands in the skin.
• The responses by the effectors are an increase in blood flow in the skin blood vessels and the production of

sweat by the sweat glands.

FIGURE 4.39 Diagram showing a stimulus–response model for an increase in core body temperature.
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Heat loss mechanisms: vasodilation

vasodilation widening of blood
vessels to increase blood flow

Blood vessels are routinely under a low background level of vasoconstriction.
When the core body temperature rises above the upper limit of the set point, the
hypothalamus sends a nerve signal that inhibits vasoconstriction of cutaneous
(skin) blood vessels. Removing the vasoconstriction results in the dilation of these blood vessels, increased
blood flow through capillary beds in the skin and increased heat loss across the skin (figure 4.40). Vasodilation
is the first response to a rise in body temperature above its normal range. In heat stress, the blood flow through
the skin capillaries can reach up to 8 litres per minute.

FIGURE 4.40 a. During vasodilation, a pre-capillary sphincter relaxes, allowing blood flow into the capillary bed
and maximising heat loss across the skin surface. b. Flowchart of vasodilation
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FIGURE 4.41 Photo of a fennec fox showing
its very thin-skinned ears with their blood
supply. How might its ear size be expected to
compare with that of the Arctic fox?

In some mammals, particular regions of their bodies — thin,
with little or no hair, and with a rich blood supply — are
major sites of heat loss from their bodies when core body
temperature rises. One example is the disproportionately
large ears of the fennec fox, Vulpes zerva (figure 4.41),
which is native to the Sahara Desert. Warm blood from the
body core travels to the fox’s ears, where heat can be lost
from dilated blood vessels to a relatively cooler environment
— the higher the core temperature, the greater the blood flow
through the ears.

Heat loss mechanisms: sweating
Sweating is a physiological response that specifically
allows for a decrease in body temperature. Like the other
physiological processes concerned with thermoregulation,
sweating is controlled by a centre in the hypothalamus.

• Nerve impulses from the hypothalamus activate sweat glands.
• Liquid sweat on the skin evaporates, forming a vapour.
• When liquid water evaporates, energy is needed to change its state from liquid to gas. The evaporation of

sweat requires heat energy, and this is taken from blood vessels close to the skin, thus cooling the body.
Cooling achieved through sweating is called evaporative cooling (see figure 4.42a). You can observe the
effect of evaporative cooling by placing your hand in front of a fan and comparing the cooling effect when
your hand is dry with the effect when your hand is wet. However, evaporative cooling becomes less and
less efficient as a cooling mechanism in conditions of increasing humidity in the air. Because sweating
involves water loss from the body, it is not the first response when the core body temperature increases
above the normal range – sweating can put a person at risk of dehydration.
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panting an increase in breathing
rate that acts to reduce
body temperature through
evaporation

Humans have sweat glands over almost all their body surface. In contrast,
members of the dog and 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 for these mammals is by panting, which removes body
heat through evaporation from the tongue and moist surfaces of the mouth. The
panting dog in figure 4.42b is carrying out some canine thermoregulation. Cooling is achieved by evaporation
of saliva from the mucous membranes of the oral cavity, in particular, from the tongue. During panting, a dog’s
breathing rate is greatly increased, and its tongue with its rich supply of dilated blood vessels flattens to produce
an increase in surface area. As warm air passes over the tongue during panting, heat from the blood vessels
in the tongue produces evaporation of saliva and cooling. In one study, it was found that in cool conditions
(20 °C), the blood flow through a dog’s tongue was 11 mL/min. In hot conditions (38 °C,) the dog was panting,
its breathing rate increased to 270 breaths per minute, and this blood flow increased to a maximum of almost
75 mL/min.

FIGURE 4.42 a. Evaporation of sweat is a major means of heat loss from the human body.
b. Panting in dogs is another example of evaporative cooling that reduces core temperature.

a. b.

elog-0812
INVESTIGATION 4.3

The regulation of body temperature

Aim

To investigate how skin blood flow and sweat production change in response to exercise

CASE STUDY: Hyperthermia and heat stroke — extreme heat can kill

FIGURE 4.43 The Simpson Desert
Australia is well known for its extreme climate. This case study
examines a case of two farm workers who became stranded in
the Simpson Desert. It describes the physiological response of
extreme heat stroke, which led to the death of one of them. To
access more information on this Case study, please download
the digital document.

Resourceseses
Resources

Digital document Case study: Hyperthermia and heat
stroke — extreme heat can kill (doc-35881)
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Behavioural changes
There are many behavioural changes that occur in order to reduce body temperature (see table 4.9).

Specialised clothing has also been designed to assist in cooling the body. Body cooling vests have been
developed to prevent overheating or to assist in reducing the heat load of a body after exercise. The Arctic Heat
Body Cooling Vest is an Australian-made lightweight garment designed specifically for body cooling. The vest
is two-layered, with an internal layer of merino wool and an outer micromesh layer made of ‘wicking’ material.
This 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.

TABLE 4.9 Different behaviours that allow for heat loss

Behaviours for losing heat

Removing a layer of clothing

Having a cold shower

Resting in the shade

Using an ice pack

Removing your hat and gloves

Sitting in front of a fan

Maximising the body surface area exposed to a cooling wind

Soaking your feet in cold water

EXTENSION: What happens when you have a fever?
The development of a fever is a common and useful response when a person has a bacterial or viral infection.
The fever develops as the result of an initial stimulus of the presence of viruses or bacteria that release
fever-inducing substances into the bloodstream. This initiates a multi-step process that is described in the
downloadable digital document.

FIGURE 4.44 Core body temperature from fever onset to break
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Digital document Extension: What happens when you have a fever? (doc-35887)
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SAMPLE PROBLEM 3 Understanding body temperature regulation
tlvd-1749

An individual was outside in a very cold region for an extended period and entered a state of
hypothermia.
a. What is meant by the term hypothermia? (1 mark)
b. Using the stimulus–response model, clearly explain how homeostatic mechanisms act to return body

temperature to normal. (3 marks)
c. Describe three physiological responses that will allow for the regulation of body temperature to

normal levels. (3 marks)

THINK WRITE

a. 1. The question is asking you to explain
the meaning of a term. As it is a one-
mark question, you only need to provide
a simple definition.

2. Examine the stimulus material and
the term used. The stimulus material
described an individual being in the cold.
The term hypothermia can be broken up
into two parts — hypo meaning under
and thermia meaning heat.

Hypothermia is a condition in which an individual has a
lower than normal body temperature (1 mark).

b. The question is worth three marks, so
you should consider the three main
things the question is asking you to
include:

• a reference to the stimulus–response
model

• an explanation of homeostatic
mechanisms

• an explanation of how to body
temperature is returned to normal after
being too low.

Thermoreceptors throughout the body and within the
hypothalamus detect that the body temperature is low
(the stimulus). These receptors sends nerve signals to the
hypothalamus. The hypothalamus sends nerve signals to
activate various effectors. It signals blood vessels near
the skin surface to constrict, reducing body heat loss; it
signals skeletal muscles to shiver, producing metabolic
heat through the release of thyroxine; and it signals
brown adipose tissue to stimulate heat generation though
a special form of metabolism (2 marks). These various
responses return the core body temperature to within the
normal range. This forms a closed homeostatic loop with
negative feedback (1 mark).

c. Consider three physiological responses
— these are responses you don’t think
about. It is important that you do not list
behavioural responses.

• Vasoconstriction of cutaneous blood vessels
• Brown adipose tissue (BAT) metabolism
• Shivering

(1 mark for each response)

Putting it all together
In this subtopic, we have dealt separately with the homeostatic mechanisms and the feedback loops involved in
regulating falls and rises in core body temperature outside their normal range. However, these loops do not act in
isolation; rather, both homeostatic loops are continually making adjustments as needed.

Figure 4.45 shows the operation of the two closed homeostatic control loops involved in the regulation of core
body temperature.
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FIGURE 4.45 Diagram showing the different stimuli and responses of two closed homeostatic loops
involved in thermoregulation
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Resourceseses
Resources

eWorkbook Worksheet 4.4 Thermoregulation (ewbk-7497)

Interactivity Homeostasis and body temperature regulation (int-8081)

Weblinks Fevers
Tragedies are a reminder of the fury of Australia’s outback heat

KEY IDEAS

• Body temperature is a highly regulated variable in mammals.
• Heat loss can occur by evaporation of excreted water including sweat, from the pores and from the airways

and lungs.
• Thermoreceptors detect changes in body temperature and send messages to the hypothalamus.
• The nervous system is an essential component of thermoregulation. It conveys signals from sensors to the

control centre in the hypothalamus and from the hypothalamus to various effectors to produce relevant
responses.

• The thyroid gland produces the hormones triiodothyronine (T3) and thyroxine (T4), which act to regulate basal
metabolism, which affects body temperature.

• When the core body temperature rises above normal, homeostatic mechanisms operate to increase heat loss
and inhibit heat gain mechanisms.

• Other responses that decrease body temperature include sweating, vasodilation of cutaneous blood vessels
and behavioural responses.

• When the core body temperature drops below normal, homeostatic mechanisms operate to increase heat
production and decrease heat loss (heat conservation).

• Other responses that increase body temperature include shivering, vasoconstriction of cutaneous blood
vessels and behavioural responses.

• Homeostatic mechanisms can be overwhelmed in extremely hot and extremely cold conditions.
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4.4 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

4.4 Quick quiz 4.4 Exercise 4.4 Exam questions

4.4 Exercise

1. 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.

2. Consider each of the following comments and indicate, giving a brief explanation, whether it is biologically
valid.
a. ‘My quick response to the starter’s gun is a reflex action.’
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.’

3. All of the following statements are false. Rewrite each statement to make it true.
a. Core body temperature is a highly regulated variable in all animals.
b. Warming mechanisms that come into action when the core body temperature falls include shivering and a

decrease in metabolic rate.
c. Piloerection is an important mechanism to conserve heat in humans
d. The hypothalamus produces thyroid-stimulating hormone (TSH), which causes the thyroid to produce

thyroxine.
4. Give an example of one symptom associated with each of the following conditions and briefly explain why this

symptom appears.
a. Hyperthermia b. Hypothermia

5. Briefly explain a key difference between fever resulting from a microbial infection and hyperthermia arising
from prolonged strenuous physical activity in hot conditions.

6. State the difference between a receptor and an effector in the homeostatic regulation of core body
temperature.

7. 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. A behaviour not seen in humans that produces heat loss

8. Explain the interrelationship between vasodilation and vasocontriction and how this is used to regulate body
temperature.

4.4 Exam questions
Question 1 (1 mark)

Source: Adapted from VCAA 2005 Biology Exam 1, Section A, Q23

40

42

36

34
12.00

midnight
12.00

midnight
12.00 noon
time of day

mammal H

mammal G

day time

6.00 am 6.00 pm

38
body

temperature
˚C

MC The body temperature of two different
mammals was recorded over 24 hours. The
average daytime temperature was 40 °C and
average night-time temperature was 20 °C.
The temperatures of the mammals over the
24 hours are shown in the graph.

From the information given it would be
reasonable to conclude that
A. between midnight and 6.00 am, mammal H

would be gaining heat by conduction.
B. at 12.00 noon, mammal H would be gaining

heat by radiation.
C. at 12.00 noon, mammal G is losing heat

by radiation.
D. between midnight and 6.00 am, mammal G

would be losing heat through evaporation of sweat.
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Question 2 (1 mark)

MC A response to an increase in body temperature includes
A. vasodilation of arterioles in the skin.
B. increased release of thyroxine from the thyroid gland.
C. an increase in skeletal muscle activity.
D. putting on extra clothes.

Question 3 (1 mark)

MC In a person suffering from hypothermia
A. sweat would be produced to lower body temperature.
B. cell function would be unaffected.
C. their body temperature would be lower than 35 °C.
D. effectors would act to decrease heat production.

Question 4 (2 marks)

A person with a low body temperature often has pale skin. Explain this observation.

Question 5 (4 marks)

Explain the role of the endocrine system in the regulation of body temperature.

More exam questions are available in your learnON title.

4.5 Regulation of blood glucose in animals

KEY KNOWLEDGE

• Regulation of blood glucose in animals by homeostatic mechanisms, including stimulus–response models,
feedback loops and associated organ structures

Source: Adapted from VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

4.5.1 Why do animals need to regulate blood glucose?
Glucose is the primary energy source for the functioning of cells. Through the process of cellular respiration,
glucose is broken down to carbon dioxide and water, and its chemical energy is transferred to ATP.

ATP provides the energy that drives all the energy-requiring biological reactions in cells. Some cells, such
as brain cells and red blood cells, rely exclusively on glucose to generate their ATP. Many other body cells,
including those of the liver, heart and skeletal muscles, can use fatty acids to produce ATP. Fatty acids are
produced from the breakdown of fats (triglycerides) in adipose tissue.

Sources of glucose for body cells

glycogen a polysaccharide
storage carbohydrate built from
glucose; found mainly in liver
and muscle tissue

Almost all your glucose comes from carbohydrates (starches and sugars) in the food that you eat. After digestion
and absorption, this dietary carbohydrate appears in solution in the blood or is stored in liver and skeletal muscle
in the form of glycogen, a polymer built of glucose subunits. Under normal conditions, the total amount of
glucose in solution in the plasma of your blood is just a teaspoon full — about 4 grams. Your body cells are
constantly drawing on the glucose in the blood for their energy needs. As a result,
blood glucose is constantly being topped up by glucose released from the glycogen
store (about 100 grams in the liver of a well-nourished person).

gluconeogenesis cellular
production of glucose using
non-carbohydrate precursors;
occurs mainly in liver cells

A second source of glucose is known as ‘new’ glucose. This provides a supply
of glucose to the brain during periods of fasting. This involves gluconeogenesis
(gluco = glucose, neo = new and genesis = creation), which is the synthesis of
new glucose from non-carbohydrate precursors.
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FIGURE 4.46 A digital glucometer can be
used to measure the blood glucose level using
a tiny drop of blood from a finger prick.

The blood glucose level in a healthy person who is fasting is
typically between 4.0 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 (figure 4.46).

Why regulate blood glucose levels?
In everyday life, the glucose uptake by cells to supply
energy can vary — glucose uptake ranges from high when
we are active to basal when we are resting. At the same
time, the glucose input from our diet also varies from high,
soon after we have eaten, to zero when we are fasting.
Without regulation, our blood glucose levels would fluctuate
widely— they would become dangerously low when we are
active while fasting, and dangerously high when we rest after
eating a carbohydrate-rich meal.

It is important that your blood glucose is maintained within narrow limits, neither too high (hyperglycaemia) nor
too low (hypoglycaemia), because both conditions, if prolonged, can result in a range of symptoms as seen in
figure 4.47. Persistent hyperglycaemia can produce serious effects, including damage to nerves, kidneys and the
blood vessels of the retina, and foot ulcers that may result in lower limb amputation. Severe hypoglycaemia can
occur suddenly; if blood glucose levels fall to 2.2 mmol/L or lower, unconsciousness, coma and brain damage
and even death can occur. However, healthy people with normal diets are protected from these extremes because
homeostatic mechanisms are rapidly initiated when blood glucose levels either rise above or fall below the
normal range. Both hypoglycaemia and hyperglycaemia are explored further in section 4.7.3.

FIGURE 4.47 When blood glucose falls too low or goes too high, it can cause
health issues. Therefore, it is important that blood glucose is maintained in a
relatively steady range.
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4.5.2 How do animals regulate blood glucose?
insulin hormone produced by
beta cells of the pancreas that
acts to increase the uptake of
glucose from the blood by body
cells

glucagon hormone produced by
alpha cells of the pancreas that
acts on liver cells resulting in
increased release of glucose
from the liver cells into the
bloodstream

pancreas organ that secretes
digestive enzymes into the
duodenum and hormones into
the bloodstream

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 within the pancreas called the islets of Langerhans. These islets
are surrounded by tissue composed of acinar cells, which produce pancreatic
digestive enzymes (figure 4.48a). The central core of each islet is composed of
large numbers of beta cells, which produce insulin. Alpha cells, which produce
glucagon, are less abundant and are located around the margin of the islet
(figure 4.48b).

Even when your blood glucose level is within the normal range, say 5.0 mmol/L,
both glucagon and insulin are constantly being secreted at basal (very low) levels.
Glucagon and insulin counterbalance each other’s effects, resulting in a stable blood
glucose level.

When blood glucose extends beyond normal range

It is only when the blood glucose level rise above or fall below the normal range that the balance between the two
hormones, glucagon and insulin, is altered:

• When the blood glucose level falls below normal, secretion of glucagon increases and that of insulin stops.
• When the blood glucose level rises above normal, secretion of insulin increases and that of glucagon stops.

Glucagon is active in the liver. Insulin is active in the liver, skeletal muscle and adipose tissue.

FIGURE 4.48 a. Section through pancreatic tissue showing one islet of Langerhans (the pale
circle, lower left). b. Groups of cells in the islet of Langerhans (yellow) surrounded by acini cells
(pink). Note the large numbers of beta cells (yellow with red nucleus), which secrete insulin,
and alpha cells (red with red nucleus), which secrete glucagon.

a. b.

TABLE 4.10 Properties and actions of the pancreatic hormones insulin and glucagon

Feature Insulin Glucagon

Signal for release from
islet cells

Rise in blood glucose Hyperglycemia:
> 5.5 mmol/L

Fall in blood glucose Hypoglycemia:
< 4.0 mmol/L

Produced by Beta cells of pancreatic islets Alpha cells of pancreatic islets

Type of molecule Peptide hormone (51 amino acids) Peptide hormone (29 amino acids)

Mode of transport Dissolved in blood plasma Dissolved in blood plasma

(continued)
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TABLE 4.10 Properties and actions of the pancreatic hormones insulin and glucagon (continued)

Feature Insulin Glucagon

Primary targets Skeletal muscle, adipose tissue and liver Liver

Actions Increases uptake of glucose by skeletal
muscle and fat cells
Converts glucose to glycogen for
storage in liver and muscle cells

Increases breakdown of glycogen to
glucose in liver
Synthesises ‘new’ glucose in liver cells

Final result Fall in blood glucose Rise in blood glucose

Negative feedback Fall in blood glucose stops release of
insulin by beta cells

Rise in blood glucose stops release of
glycogen by alpha cells

Insulin: the glucose-storing hormone
After we eat a carbohydrate-rich meal, our blood glucose can rise to excessively high levels. Insulin is released
when glucose-sensing beta cells in the pancreatic islets detect an above-normal rise in the level of blood. The
excess glucose could be excreted via our kidneys, but glucose is an energy source and is far too valuable to
waste as sweetened urine. Instead, excess glucose is moved out of the blood in response to insulin.

Insulin lowers high blood glucose levels through several actions:
• stimulating the movement of glucose from the blood into skeletal muscle and adipose tissues — this is its

major action, because these two tissues form about 60 per cent of the body mass
• activating enzymes that build glucose into glycogen in liver and skeletal muscle cells
• inhibiting the breakdown of fats in adipose tissue — this reduces the supply of fatty acids in the blood and

causes some body cells to make more use of glucose for their energy needs, in particular, those cells that
mainly use fatty acids for their energy supply.

EXTENSION: Getting glucose into cells

FIGURE 4.49 GLUT4 proteins act as
channels for the uptake of glucose.

GLUT4 in plasma

membrane

Glucose

Cells need a constant supply of glucose to meet their
energy needs. However, glucose cannot diffuse across the
phospholipid layer of the plasma membrane of cells because
glucose molecules are too large and have polar properties.
This is where glucose transporters (GLUTs) come into action.

To access more information on this extension concept, please
download the digital document.

Resourceseses
Resources

Digital document Extension: Getting glucose into cells
(doc-35888)

Glucagon: the glucose-releasing hormone
Glucagon is stored as granules in the alpha cells of pancreatic islets (figure 4.50). During fasting or periods of
activity, blood glucose levels can fall below normal. A fall below 4.0 mmol/L is the trigger for the release of the
hormone glucagon by the alpha cells of the pancreatic islets (figure 4.51).

The main target of the glucagon hormone is the liver. Glucagon binds to receptors on liver cells and its action
causes the release of glucose, raising the blood glucose level by breaking down glycogen and simulating the
production of new glucose. These actions restore the blood glucose level to within the normal range and ensure
that body cells have a continual adequate supply of glucose for their needs.
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In addition, glucagon acts on cells of adipose tissue and activates the enzyme lipase, which breaks down fats
to form glycerol and fatty acids that are released into the bloodstream. Glycerol is taken up by liver cells and
used to form ‘new’ glucose. Fatty acids are used by many body cells as a source of energy, and their use of fatty
acids reduces their demand on blood glucose for this purpose. Figure 4.51 shows the main actions of glucagon
on blood glucose levels.

Glycogen: the key to blood glucose homeostasis

• Depending on blood glucose levels, glycogen in liver cells can store or release glucose.
• This allows regulation of blood glucose and enables us to endure periods of fasting.

FIGURE 4.50 Coloured TEM of two alpha cells
in the pancreas, with glucagon granules shown
in blue and the nucleus shown in purple

FIGURE 4.51 Glucagon acts on the liver,
stimulating glycogen to break down into glucose.
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Storing glucose as glycogen
Soon after you have eaten, blood glucose levels rise. Insulin stimulates liver cells to build glucose into glycogen
as a short-term store of glucose.

When the store of glycogen in liver cells is at capacity, insulin stimulates the production of fatty acids from
glucose, and these are transported to other tissues, in particular adipose tissues. In cells of adipose tissue, fatty
acids are combined with glycerol to form fat (triglycerides).

Releasing glucose
If you have not eaten for some time, your blood glucose level begins to fall. When this occurs, the glycogen
in liver cells is rapidly mobilised and glucose is released into the blood. The hormone glucagon stimulates
the release of glucose from its glycogen store. The liver is the only internal organ that can release significant
amounts of glucose into the blood.

Skeletal muscle cells can also release glucose from their glycogen store, but this glucose can be used only by the
muscle cells themselves. For example, marathon runners depend to a large degree on the release of glucose from
the glycogen in the skeletal muscles to supply their energy needs. Unlike liver cells, skeletal muscle cells cannot
release glucose into the blood for use by other body cells because they lack a critical enzyme.

TIP: Although you are not always required to have perfect spelling in biology, there are some cases where
correct spelling is vital to ensure your communication is clear. This is particularly important in the use of glucose,
glycogen and glucagon. These three words are very similar but have very different meanings. For example, if you
misspell a word as glycagon, it is very hard to know if you are talking about glucagon or glycogen.
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4.5.3 When blood glucose levels are too low
When blood glucose level falls below normal (less than 4.0 mmol/L), negative feedback and homeostasis occurs
to restore this to normal. This involves the release of glucagon from alpha cells in the pancreas, which works to
increase blood glucose levels by travelling through the bloodstream binding to receptors on the liver (see
figure 4.52).

The binding of glucagon activates key liver enzymes involved in two pathways:
• the breakdown of stored glycogen to glucose — this pathway is usually the major supplier of glucose to the

blood
• the production of ‘new’ glucose — usually a minor supplier of glucose, except when glycogen stores are

depleted.

Glucagon also inhibits the formation of glycogen by blocking the activity of key enzymes.

The overall response of the actions of glucagon is an increase in blood glucose level. This is through the release
of glucose from liver cells into the blood.

FIGURE 4.52 The stimulus–response model showing the response initiated by a fall in blood glucose level.
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4.5.4 When blood glucose levels are too high
Intake and digestion of dietary carbohydrates can produce an above-normal increase in the circulating blood
glucose level after glucose is absorbed from the intestine. When blood glucose levels increase above the normal
range (greater than 5.5 mmol/L), a negative feedback loop and homeostasis occurs to restore this to normal. This
involves the release of insulin from beta cells in the pancreas, which works to decrease blood glucose levels,
travelling to target cells through the bloodstream (see figure 4.53).

The main responses (and the locations of these responses) that occur as a result of the release of insulin are as
follows:

• Skeletal muscle and adipose tissue: Insulin binds to its receptors on the plasma membranes of these cells.
This leads to special glucose transporters moving to the membrane so more glucose can move into skeletal
muscle and adipose tissue.
• In skeletal muscle, this glucose is converted to glycogen.
• In adipose cells, this glucose is converted to fats (triglycerides). Insulin also acts to prevent these fats

from breaking down and being used as an energy source.
• Liver: Insulin plays no role in the uptake of glucose by liver cells, but it activates key enzymes in liver cells

that are needed to build glucose into glycogen, thus preventing release of glucose into the blood.

Note: The hypothalamus of the brain also plays a coordinating role in blood glucose homeostasis. It contains
both glucose-sensing neurons and insulin-sensing neurons that respond to changes in the level of blood glucose.
This can send signals to the cells in the pancreas to release insulin or glucagon.

The results of the various responses to the actions of insulin is a decrease in the level of blood glucose. This is
mainly due to uptake of glucose from the blood into cells of skeletal muscle and adipose tissue.

FIGURE 4.53 The stimulus–response model showing the response initiated by an increase in blood glucose level
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Feedback loops working together
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 figure 4.54).

As a result of negative feedback mechanisms involving both insulin and glucagon, a steady state is achieved in
blood glucose levels, with small fluctuations.

FIGURE 4.54 A summary of major events that maintain blood glucose levels with a narrow range
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SAMPLE PROBLEM 4 Understanding the regulation of blood glucose
tlvd-1750

A student has not eaten for a few hours and has low blood glucose levels. Their blood glucose levels
over time are shown below.

Blood

glucose

level

(arbitrary

units) A

B

C

Time (mins)

a. What caused the initial increase of blood glucose at point A despite the student not
consuming food? (2 marks)

b. Explain what probably happened at point B that allowed for a rapid spike in blood glucose
levels. (2 marks)

c. Insulin has come into play at point C. Identify where insulin is produced and describe
how this allows the decrease in blood glucose levels. (2 marks)

THINK WRITE

a. The question is worth two marks, so you need
to outline two key factors that allow for an
increase in blood glucose.You should consider
what factors cause glucose to rise, that is, the
actions of glucagon.

Glucagon has been released from alpha
cells in the pancreas (1 mark). This causes
glycogen in the liver to be broken down
into glucose, which diffuses into the blood
stream (1 mark).

b. Carefully examine the graph and compare the
initial increase from glucagon to the sudden
spike at B. Consider what would cause a spike.
You should be able to identify what caused it
and explain why the results on the graph were
seen.

It is likely that an individual consumed
something high in glucose (a sugary drink
or a lolly for example) (1 mark). This
would cause the sudden spike in blood
glucose, which is much more significant
than the small rise seen in the release of
glucagon (1 mark).

c. 1. Carefully read what the question is asking you
to do — identify a site and describe a process.
Identify the site in which insulin is processed.

Insulin is produced in the beta cells in the
pancreas (1 mark).

2. Describe how insulin allows for blood glucose
levels to decrease.

Insulin allows for glucose to be taken up
by cells. By allowing for glucose to move
into cells, the amount of glucose in the
bloodstream decreases (1 mark).

Resourceseses
Resources

eWorkbook Worksheet 4.5 Glucose ups and downs (ewbk-7499)

Video eLesson Blood glucose regulation (eles-4735)

Interactivity Homeostasis and blood glucose (int-8082)
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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.
• Insulin is produced in beta cells of the pancreatic islets. Its secretion is triggered by a rise in blood glucose

above the normal level. It allows blood glucose levels to decrease.
• Glucagon is produced in alpha cells of the pancreatic islets. Its secretion is triggered by a fall in blood

glucose below the normal level. It allows blood glucose levels to increase.
• Insulin stimulates the uptake of blood glucose by cells of skeletal muscle and adipose tissue.
• Insulin activates key enzymes needed to convert glucose to glycogen in liver and muscle cells.
• Insulin inhibits the breakdown of fats, reducing the supply of fatty acids. This results in an increased use of

blood glucose as the energy source of many body cells.
• Glucagon stimulates the breakdown of liver glycogen to glucose, which is released into the blood.
• Glucagon stimulates production of ‘new’ glucose in liver cells, an important source when glycogen stores are

depleted.
• As well as glucose, fatty acids can be used by many body cells as an energy source. Glucagon stimulates fat

breakdown, increasing the supply of fatty acids, leading to less glucose being used. This results in a decrease
in the use of blood glucose as the energy source for many body cells.

4.5 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

4.5 Quick quiz 4.5 Exercise 4.5 Exam questions

4.5 Exercise

1. Identify whether each of the following statements is true or false. Justify your response.
a. Insulin promotes the breakdown of glycogen in the liver.
b. The hormone glucagon causes the breakdown of glycogen to its glucose subunits.
c. ‘New’ glucose results from the digestion and absorption of dietary carbohydrates.
d. In addition to glucose, fatty acids in the blood are used by many body cells as their source of energy.

2. What is the difference between hyperglycaemia and hypoglycaemia?
3. Which hormone is more likely to be produced soon after eating a meal?
4. Identify which cells in the pancreas are the sites of secretion of

a. insulin.
b. glucagon.

5. Compare and contrast the regulation of body temperature and the regulation of blood glucose.
6. Explain the effect of each of the following on blood glucose levels. In each case, assume the concentration of

the other paired hormone is unchanged.
a. An increase in insulin
b. An increase in glucagon
c. A decrease in insulin
d. A decrease in glucagon

4.5 Exam questions

Question 1 (1 mark)

MC The hormone insulin
A. acts to increase blood glucose levels.
B. is produced by alpha cells in the pancreas.
C. increases uptake of glucose into the body cells.
D. is a steroid molecule.
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Question 2 (1 mark)

MC Glucagon
A. is a carbohydrate.
B. acts in liver cells to increase the conversion of glycogen to glucose.
C. is produced by beta cells in the pancreas.
D. is released when blood glucose levels are above normal levels.

Questions 3 (2 marks)

Discuss two responses that occur within the human body when blood glucose levels are above the normal range.

Question 4 (2 marks)

Explain why it is important to maintain a constant level of glucose in the internal environment of human body
cells.

Question 5 (3 marks)
Source: VCAA 2010 Biology Exam 1, Section B, Q1bi, ii

Blood glucose levels are controlled by a homeostatic mechanism.

Two females of the same age and similar body structure were each given an identical meal. The following graph
shows the level of blood glucose in each female for the five-hour period after eating the meal.  
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i. Explain whether Emily or Grace had a defect in the blood-glucose homeostatic mechanism. Refer to at least
two parts of the graph to support your answer. 2 marks

ii. Explain the small rise in her level of glucose between four and five hours after the meal. 1 mark

More exam questions are available in your learnON title.

4.6 Regulation of water balance in animals

KEY KNOWLEDGE

• Regulation of water in animals by homeostatic mechanisms, including stimulus–response models, feedback
loops and associated organ structures

Source: Adapted from VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

4.6.1 Why do animals need to regulate water?
Water is the most common compound present in all living organisms, including the human body. Overall, a
typical lean human body is about 60 per cent water, that is about 40 litres. Individual organs differ in their
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water content — muscles are about 80 per cent water, the brain is about 73 per cent water, and bones are about
30 per cent water. Water in the body is present mainly as the intracellular fluid that consists of the cytosol of
all cells, and the interstitial fluid that surrounds cells and the plasma of the blood. These fluids contain many
solutes, such as sodium ions (Na+) in the extracellular fluid and potassium ions (K+) in the intracellular fluid.

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 into the bloodstream 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 is a major component of the mucus that acts as the lubricant for the mucous membranes that line the

airways and the passages of the alimentary canal.
• Water is a major component of the interstitial fluid that surrounds cells and forms their external

environment.

Because the human body does not store water, any water loss must be compensated 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.

The balance for a healthy person is shown in figure 4.55.

FIGURE 4.55 Water is both gained by and lost from the human body.
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Average values for water intake and output differ between various animals. Some animals, for example the
kangaroo rat, have adaptations that minimise water loss, so their intake of water is much less compared to
humans. These adaptations are investigated further in Topic 10.

Like other key variables, water needs to be maintained within a set range. Water levels can fluctuate for a variety
of reasons, as shown in table 4.11.
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TABLE 4.11 The sources of water gain and water loss

Sources of water gain Sources of water loss

• Fluids from drinks (60%)
• Fluid content of foods (30%)
• Internally produced metabolic water (10%)

• From skin and lungs (28%)
• From sweat glands (as fluid) (8%)
• From the gut (as fluid in faeces) (4%)
• From the kidneys (as urine) (60%)

The level of water may become too low because of:
• an excessive loss of water (such as the result of sweating in hot conditions)
• an inadequate intake of fluids
• an abnormal loss of body fluids (such as may occur with severe diarrhoea, prolonged vomiting, significant

haemorrhage or serious burn injuries).

Likewise, the water levels in the body can become too high because of:
• impaired kidney function that produces insufficient urine
• drinking excessive amounts of water.
• medical conditions, such as SIADH (syndrome of inappropriate secretion of antidiuretic hormone).

Effects of water imbalance:
• If water intake is less than water output, this can lead to a toxic increase in excess ions and waste products

in the blood. This can cause disruption of muscle and nerve function, as well as shrinkage of cells,
including those of the brain. Possible symptoms include confusion and seizures.

• If water intake is in excess of water output, a person can become over-hydrated, a situation sometimes
called ‘water intoxication’. This can cause cells to swell. The adverse effects of unregulated overhydration
include swelling of the legs and feet, as well as swelling of the brain (cerebral edema), with symptoms of
confusion, lethargy, headache, and drowsiness.

4.6.2 How do animals regulate 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.

The concentration of fluids in the human body is regulated (that is, kept within a
narrow range) by homeostatic mechanisms.

osmoregulation process by
which the volume of body fluids
and their solutes concentrations
are controlled

The regulation of body fluids is called osmoregulation. Osmoregulation is the process of controlling the water
content of the human body and its solute concentration.

Regulation to maintain water balance occurs through two means:
1. controlling the volume of body fluids by regulating the amount of water excreted in the urine, and by

initiating the thirst response when needed
2. controlling the osmolality (concentration of dissolved solutes) of body fluids by regulating the water-to-

sodium balance of extracellular fluids, so that any gains or losses of sodium are matched by corresponding
gains or losses of water. Sodium is by far the major solute in extracellular fluids.

Osmolality is an indicator of water level. If the blood plasma osmolality is higher than normal, this means
that the water level is too low. If osmolality is below normal, this means that the water level is too high.
Osmoreceptors can detect the change in osmolality from passing blood. Osmolality of the blood plasma is
tightly regulated and is largely due to the presence of sodium ions.
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TABLE 4.12 Regulation actions to restore normal water balance in terms of volume and osmolality

Event
Effect on extracellular fluid
(ECF) and plasma Message Control response

A person drinks excessive
bottled water within a
short time frame.

ECF volume increased
Plasma osmolality decreased

Water out of balance
Water level too high

Increased output of dilute
urine

A person fails to drink
water during a 24-hour
period.

ECF volume increased
Plasma osmolality increased

Water out of balance
Water level too low

Thirst sensation activated
Increased water
reabsorption by kidneys

Bouts of severe diarrhoea
with major loss of water
and salts

ECF volume increased
Plasma osmolality unchanged

Water level reduced
Both water and salt
are needed

Increased reabsorption
of sodium and water by
kidneys
Fluid intake, such as soup
or juices

A person receives an
excessive infusion of
isotonic saline.

ECF volume increased
Plasma osmolality unchanged

Water level raised Excess fluid removed in
urine

Key organs and hormones in osmoregulation
The brain

FIGURE 4.56 Graph of the plasma
osmolality levels required to stimulate
the release of ADH and the thirst response
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One area of the brain, the hypothalamus, is the location of
osmoreceptors, which are specialised nerve cells able to detect
changes in blood plasma osmolality. These osmoreceptors
stimulate the release of a hormone known as antidiuretic
hormone (ADH) or vasopressin.

Another area of the brain, the lamina terminalis, stimulates the
thirst response, so that a person has a strong desire to have a
glass of water. This occurs when water levels drop too low (and
dissolved salts are detected at a higher level).

The kidneys

The kidneys are the organs that are essential for regulating both
the volume and the osmolality (composition) of body fluids.

• When plasma osmolality falls, the kidneys respond by
producing larger volumes of more dilute urine.

• When plasma osmolality rises, the kidneys respond by
conserving water and producing smaller volumes of more
concentrated urine. This response is stimulated by the
hormone ADH.

Figure 4.57 shows urine of increasing concentration; the darker the urine, the higher its osmolality. Note that on
its own, conservation of water by the kidneys cannot correct a fall in plasma volume. To do this, a person must
have a net intake of fluid by drinking water.

antidiuretic hormone hormone
produced by neurosecretory cells
in the hypothalamus; increases
reabsorption of water into the blood
from distal tubules and collecting
ducts of nephrons in the kidney

Water balance is controlled in two main parts within the nephrons of kidneys: the
descending limb of the loop of Henle and the collecting tubule (figure 4.58). When
water levels are high, more water is excreted in urine, and a higher volume of urine
is produced. When water levels are low, more water is reabsorbed in the nephron and
retained in the bloodstream.
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FIGURE 4.57 One of the main ways water balance is
maintained is through the dilution of urine. More water
has been excreted in the dilute urine in the left. The urine
shown on the far right has much higher concentrations of
solutes and urea.

FIGURE 4.58 The structure of the nephron
including the collecting tubule and descending
limb of the loop of Henle
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Antidiuretic hormone

Antidiuretic hormone (ADH) is a peptide hormone that is released from the posterior pituitary in response to
a signal from the hypothalamus. ADH travels though the bloodstream to the kidney, where it binds mainly to
receptors on the cells that line the collecting ducts in the kidney, making these cells more permeable to water.
ADH stimulates the insertion of specific channel proteins called aquaporins into the plasma membrane of these
cells. Aquaporins enable the more rapid movement of water from fluid in the collecting ducts back into the
bloodstream. In the presence of ADH, smaller volumes of more concentrated urine are produced. In the absence
of ADH, larger volumes of more dilute urine are produced.

• When water levels are low and solute levels are high, ADH is released from the hypothalamus and water is
reabsorbed in the kidneys.

• When water levels are high and solute levels are low, ADH levels are decreased and excess water is excreted
in the kidneys, resulting in lots of dilute urine being produced

4.6.3 When water levels are too low
When water levels in the body fall below the normal level, the concentration of dissolved compounds (solutes) in
body fluids rises. In order to restore the balance, homeostatic mechanisms are activated.

Figure 4.59 shows an outline of events that occur when the water levels in the body are too low. The drop
in water level and rise in osmolality of blood plasma (increase in solutes) is the stimulus that is detected by
osmoregulator cells in the hypothalamus as blood circulates through the brain.

These cells monitor the osmolality, or concentration of solutes, of 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.

The hypothalamus identifies the corrective actions required and sends signals to effectors that take action as
follows:
1. The hypothalamus sends a signal to the posterior pituitary gland to release antidiuretic hormone (ADH).
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2. The collecting ducts of the kidney become more permeable to water through the action of ADH, so the
reabsorption of water into the blood is increased.

3. 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.

4. The thirst centre of the hypothalamus sends a signal that stimulates the sensation of thirst, which motivates
a person to drink fluids. The 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 fluids).

FIGURE 4.59 The stimulus–response model for a drop in body water levels that causes the concentration of
dissolved solutes in the body fluid to increase
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4.6.4 When water levels are too high
When water levels in the body increase above normal, the ECF increases in volume and the osmolality of the
blood decreases (reduction in solutes). In order to restore the balance, homeostatic mechanisms are activated.

Figure 4.60 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 fluids, causing the decrease in osmolality. The osmolality decrease is the
stimulus that initiates homeostatic mechanisms to correct this situation and restore the normal balance.

This stimulus is detected by osmoreceptors in the hypothalamus as blood circulates through the brain.
1. The hypothalamus identifies that corrective actions are required, namely that water levels in the body must

decrease (and osmolality must increase), and signals this to effectors.
2. 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.

3. The sensation of thirst from the thirst centre in the hypothalamus is suppressed.

These responses counteract the increase in water volume in the body. This decrease in volume raises the
osmolality of the blood to normal level and water balance is restored.
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FIGURE 4.60 The stimulus–response model for an increase in body water levels that causes the concentration of
dissolved solutes in the body fluid to decrease
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SAMPLE PROBLEM 5 Understanding water balance in animals
tlvd-1751

An individual has had a throat infection. As a result, they had copious amounts of water to ease their
sore throat.
a. Would you expect the production of ADH from the hypothalamus to increase or decrease? Justify

your response. (2 marks)
b. Explain the role of the kidneys in maintaining water balance in this individual. (2 marks)

THINK WRITE

a. You are being asked to identify if an increase
or decrease in ADH occurred and to justify
your response. It is important to address both
factors to be awarded marks. Carefully answer
both parts of the question

ADH levels would be expected to decrease (1 mark).
As the amount of water has increased, more water will
be excreted. As ADH allows for the reabsorption of
water in times of low water, a decrease in ADH would
be required when water levels are high (1 mark).

b. The question is worth two marks, so ensure
you outline two points — the role of the
kidney in maintaining water balance in
general, and how this would specifically occur
in the individual who had consumed large
quantities of water.

ADH acts on the kidneys, specifically on the nephrons
and the collecting tubules. Water is either excreted
and left in urine or reabsorbed from the tubule
(and the loop of Henle) back into the bloodstream
(1 mark). In this case, the kidneys would produce very
dilute urine with large volumes of water in order to
return water balance back to normal (1 mark).

Resourceseses
Resources

eWorkbook Worksheet 4.6 The regulation of water (ewbk-7501)

Video eLesson Urine formation in the kidney (eles-3885)

Interactivity Homeostasis and water balance (int-8083)
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4.6.5 Other methods of water balance in different animals
There are many other methods that help animals with water balance. Adaptations to maintain water balance are
discussed in more detail in Topic 10.

Water balance in fish
Freshwater fish are exposed to constantly high levels of water. In order to ensure they do not have extremely low
levels of salt and high levels of water, they:

• do not drink
• have nephrons that produce large amounts of very dilute urine
• lose water through their gills
• actively absorb ions through their gills

Saltwater fish, on the other hand, are exposed to water that is concentrated with ions and less concentrated with
water. In order to ensure they do not lose water to the environment and uptake a high level of salts, they:

• drink sea water
• produce minimal urine (and what urine is produced has a high ion concentration)
• have gills that are impermeable to water
• secrete excess ions such as sodium and chloride through their gills.

FIGURE 4.61 Freshwater and saltwater fish have very different homeostatic mechanisms to maintain water
balance.

Water balance in birds
Birds do not excrete urine. Rather, their nitrogenous waste is excreted as uric acid, which allows for better water
conservation. Water is also reabsorbed in the cloaca, causing uric acid to be highly concentrated with urine but
with minimal water loss. This allows for a greater volume of water to be retained.

Water balance in amphibians
Amphibians, such as frogs, live near and in fresh water. Their skin is highly permeable to water, which results
in continual movement of water via osmosis. In order to counteract this, frogs produce very dilute urine that
removes excessive water.

Amphibians also often live on land. When in these conditions, they are not gaining water through osmosis, so
instead they produce highly concentrated urine with very little water.
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KEY IDEAS

• Water is essential for life and is a major component of the human body.
• For survival, water loss must be balanced by water gain.
• Water loss from the human body occurs through several channels, the main one being via the kidneys.
• Water gain is either from food or drink, or from internal metabolic processes.
• Water levels and solute concentrations of body fluids in the human body are under homeostatic regulation.
• When water levels fall, the solute concentrations of body fluids increase.
• Osmoreceptors work to detect changes in water balance
• When water levels decrease, a message is sent to the hypothalamus, causing the activation of thirst centres

in the brain and an increase in ADH, leading to greater reabsorption of water in the kidneys.
• When water levels increase, a message is sent to the hypothalamus, causing the suppression of thirst centres

in the brain and a decrease in ADH, leading to less reabsorption of water in the kidneys and an increase in
water excreted in urine.

4.6 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

4.6 Quick quiz 4.6 Exercise 4.6 Exam questions

4.6 Exercise

1. Describe how ADH is used to regulate water balance. Ensure you identify the site of action of ADH in your
response.

2. Describe three ways in which humans are able to gain water.
3. The concentration of salt and other ions in the blood is detected to have increased by a receptor.

a. Would you expect ADH in the plasma to increase or decrease? Justify your response.
b. Explain what would be expected to happen in the kidneys.

4. The collecting duct is an important feature in the kidneys for water balance. Explain why the collecting duct
can assist with water balance.

5. Describe what would happen if
a. the concentration of solutes in body fluids decreased.
b. the water gain by the body increased.

6. What causes the thirst centre to be stimulated?
7. Diuretics, which have the opposite effect of the antidiuretic hormone, are banned in sport.

a. What effect on water balance would you expect diuretics to have?
b. Justify three reasons why these might be banned in sport.

4.6 Exam questions

Question 1 (1 mark)

MC Which of the following human hormones is involved in the regulation of water balance?
A. Insulin
B. Thyroxine
C. Glucagon
D. Antidiuretic hormone

Question 2 (1 mark)

MC A large volume of urine would be produced by a person who
A. ate very salty food.
B. exercised at high intensity for over an hour.
C. drank many cups of coffee in a short period of time.
D. ate food that contained very little water.
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Question 3 (1 mark)

MC Hormones the help regulate the amount of water in the internal environment of human cells include
A. antidiuretic hormone and rennin.
B. insulin and glucagon.
C. thyroxine and adrenaline.
D. oestrogen and testosterone.

Question 4 (1 mark)

MC Water balance in the human body is associated with the maintenance of
A. oxygen concentration.
B. heart rate.
C. osmolality.
D. glucose concentration.

Question 5 (3 marks)

Explain how the consumption of alcohol affects water balance in humans.

More exam questions are available in your learnON title.

4.7 Malfunctions in homeostatic mechanisms
KEY KNOWLEDGE

• Malfunctions in homeostatic mechanisms: type 1 diabetes, hypoglycaemia, hyperthyroidism
Source: Adapted from VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

4.7.1 Malfunctions in homeostatic mechanisms
Sometimes, homeostatic mechanisms fail to regulate variables that usually need to be in a set range. This can
lead to a various of illnesses and in extreme cases can result in death. This shows the importance of homeostatic
mechanisms to ensure the survival and functioning of organisms.

A malfunction of homeostatic mechanisms may be due to various factors, including disease or environment.

Examples of these can be seen in the regulation of temperature, blood glucose and water balance. Some of these
are outlined in table 4.13.

TABLE 4.13 Some examples of malfunctions in homeostasis

Variable
Examples of
malfunctions

• Hyperthyroidism • The thyroid is overactive, producing excessive thyroxine, leading to an
increase in basal metabolic rate. Symptoms of this include elevated body
temperature.Basal

metabolic
rate • Hypothyroidism • The thyroid is underactive, resulting in a reduced basal metabolic rate.

Symptoms include decreased body temperature.

• Hypothermia • Exposure to extreme cold can cause homeostatic mechanisms to fail.
Temperature

• Heat stroke • Exposure to high temperatures can cause homeostatic mechanisms to fail.
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Variable
Examples of
malfunctions

• Type I diabetes • Insulin is not produced, causing high blood glucose.

• Type II diabetes • Cells are resistant to insulin, causing high blood glucose.Blood
glucose

• Hypoglycaemia • Blood glucose becomes too low.

• Dehydration • Extreme conditions cause water levels to drop to excessively low amounts.
Water
balance • Kidney failure • Kidneys are unable to regulate water balance, leading to either low or high

levels of water in the bloodstream.

4.7.2 Type 1 diabetes
FIGURE 4.62 Reviewing the relationship between blood
glucose, insulin and glucagon
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In subtopic 4.5, we explored how blood glucose
level is normally regulated by homeostatic
mechanisms that maintain glucose levels within
a narrow range. The beta cells of the pancreas
are responsible for the production of the hormone
insulin. This hormone plays a key role in stopping
blood glucose from increasing above the normal
level by facilitating the uptake of glucose by body
cells. This process is summarised in figure 4.62.

For some individuals, this process is not properly
regulated, leading to the blood glucose levels
moving beyond normal ranges without external
treatment.

What is type 1 diabetes?

type 1 diabetes a condition that
results when the homeostatic
mechanisms that regulate blood
glucose levels fail when insulin
production fails, characterised
by a blood glucose level that is
higher than normal

Type 1 diabetes is a chronic autoimmune disease in
which the beta cells of the pancreas produce
little or no insulin, greatly affecting the
regulation of blood glucose levels (see figure 4.63).

When insulin is not produced, blood glucose
levels remain high and cannot be returned
to normal through negative feedback and
homeostatic mechanisms.

This condition most commonly appears in childhood
but may also appear later in life (see figure 4.64).
The cause of this condition is not certain, but one view
is that type 1 diabetes is an autoimmune disorder
in which the immune system specifically turns against the body’s own beta cells
in the pancreas, attacking them as if they were foreign cells. It is thought that over
100 000 individuals in Australia are currently living with type 1 diabetes.

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.
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FIGURE 4.63 The beta cells are targeted in type 1 diabetes.
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FIGURE 4.64 The prevalence of type 1 diabetes in Australia in children
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Source: AIHW, https://www.aihw.gov.au/reports/diabetes/diabetes-snapshot/contents/
how-many-australians-have-diabetes/type-1-diabetes

Glucose levels out of control
The homeostatic mechanisms that regulate blood glucose levels can fail when insulin production fails.

Type 1 diabetes, therefore, is characterised by a blood glucose level that is higher than normal.

Why?

hyperglycaemia a condition where
glucose levels in the blood rise
above normal

• Glucose is the main source of energy for body cells, but glucose is too large to diffuse across the plasma
membrane and must be actively transported into cells. Insulin facilitates this transportation.

• Because insulin production is defective in type 1 diabetes, the body cells of a person affected 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).
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FIGURE 4.65 Glucose cannot cross the plasma membrane without insulin.
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FIGURE 4.66 Blood glucose levels after ingestion of a
standard quantity of glucose
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This inability to regulate through homeostatic
mechanisms can be seen in figure 4.66. At the
start of the test, both individuals ingested a
standard quantity of glucose, administered in
solution.

• Person A, who is not affected with diabetes,
had a normal homeostatic process in which
insulin was released and glucose in the
blood was moved into cells, causing a
decrease in blood glucose levels. Their
levels fell back within the normal range an
hour after ingesting glucose.

• Person B, who has type 1 diabetes, was
unable to regulate their blood glucose and
have it fall back to normal levels. As insulin
was not released, the blood glucose level in
person B is still very high two hours after
ingesting glucose.

Glucose is also present in the urine of an affected
person. This idea has been understood since
ancient times, when the Chinese recognised people as having diabetes by the fact that their urine attracted ants
due to the high glucose levels.

Why does this increase of glucose in blood urine occur?
• Normally, any glucose that enters the kidney tubules from the bloodstream is reabsorbed back into the

blood through a process of active transport.
• However, the carrier proteins involved in returning glucose from the fluid in the kidney tubules back into

the bloodstream are not able to deal with the high level of glucose filtered from the blood of a person with
diabetes.

• Therefore, much of the glucose from the bloodstream is lost in the urine instead of being reabsorbed.
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Symptoms of type 1 diabetes

TABLE 4.14 Symptoms of diabetes that individuals may experience

Symptom Details

Increased thirst and
frequent urination

These symptoms arise in response to the higher than normal levels of glucose in the
blood. The body increases its output of urine in an attempt to remove the excess glucose
from the blood. The 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 and
possible weight loss

These symptoms arise in diabetes sufferers 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 sufficient ATP through cellular respiration to meet their needs. In
addition, the loss of glucose from the body in urine 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 This 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. The 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.

ketones acid; breakdown product of
fat metabolism

Diagnosis of diabetes
Diabetes is typically recognised by a distinctive set of symptoms (see table 4.14)
and is confirmed by blood tests:

• Fasting plasma glucose test: This test is done after a person has fasted overnight.
The 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 diagnosis of diabetes is identified.

• 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.

Treatment of diabetes
There is currently no cure for type 1 diabetes, similar to many other chronic autoimmune diseases.

People with type 1 diabetes are treated with insulin replacement, as they are unable to produce any insulin of
their own. This typically occurs by injection or through an insulin pump (see figure 4.67). There are many types
of insulin that may be used. They often differ in how long they take to act and the time they are active for. Some
examples of different types of insulin are shown in figure 4.68.

The insulin used for the treatment of type 1 diabetes has changed over time. Before the 1980s, insulin used was
from the pancreases of cattle and pigs obtained from abattoirs. However, insulin from pigs and cattle is not a
perfect match to human insulin. There is also the risk of allergic reactions occurring in some people.

Now, recombinant human insulin, made through a process known as gene cloning, is used instead. The
development of recombinant human insulin was a major breakthrough in the treatment of type 1 diabetes.

The amount of insulin injected must be carefully controlled. People with type 1 diabetes need to constantly
monitor their glucose levels. This used to be done only through finger-prick tests, in which blood from the finger
is drawn and tested. However, improved technologies to easily detect glucose levels are becoming increasingly
available. Some of these that have been approved in Australia include smart phone apps that can sync up to
sensors that can monitor blood glucose levels (figure 4.69). AI technologies are also constantly being explored
to make the daily lives of those with insulin easier.
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hypoglycaemia glucose levels in
the blood drop below normal

If a person inadvertently injects too much insulin, a dangerous condition of too little
glucose in the blood occurs, termed hypoglycaemia. Hypoglycaemia is explored
further in section 4.7.3.

FIGURE 4.67 a. A portable insulin pump being used by a young boy with diabetes injects insulin slowly and continuously
into the bloodstream. b. An insulin pen that can be used to administer insulin

a. b.

FIGURE 4.68 Time course of action of various forms of recombinant insulin on blood glucose levels
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FIGURE 4.69 Monitoring blood glucose: a. using a finger-prick test; b. sensors with results shown through
a phone app
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EXTENSION: Other types of diabetes

FIGURE 4.70 A pregnant woman
undergoing blood glucose testing

Type 1 diabetes is an autoimmune disease. However, there are
two other types of diabetes that affect the homeostatic regulation
of blood glucose in humans: type 2 diabetes and gestational
diabetes. Type 2 diabetes is mostly caused by lifestyle factors,
whereas gestational diabetes develops during pregnancy.

To access more information on this extension concept, please
download the digital document.

Resourceseses
Resources

Digital document Extension: Other types of diabetes (doc-35889)

Resourceseses
Resources

Weblink Diabetes Australia

4.7.3 Hypoglycaemia
Type 1 diabetes leads to an increase in blood glucose levels (hyperglycaemia) due to insulin not being produced.

FIGURE 4.71 Jellybeans,
which can often by
purchased from the
chemist, are important in the
treatment of hypoglycaemia.

Hypoglycaemia (hypo = under or below; glykys = sweet; haima = blood), on
the other hand, is a condition in which there is too little glucose in the blood.

The most common time hypoglycaemia occurs is during diabetes treatment.
An important part in the treatment of type 1 diabetes is through the injection
of insulin. However, the amount of insulin needs to be carefully monitored.
If too much insulin is injected, an excessive amount of glucose leaves the
bloodstream, leading to the effects of hypoglycaemia (commonly referred to
as ‘a hypo’).

Hypoglycaemia may lead to fainting or even coma. It is treated by giving
the affected person a source of glucose, such as glucose tablets, honey or a
sweet. This is why individuals with type 1 diabetes often carry a small bag
of jellybeans with them — to save their lives in the case of hypoglycaemia.
Glucose in this form allows for a quick increase in their blood glucose levels.
(Other sources of glucose such as carbohydrates are too slow in giving this
glucose spike.)

It is important to recognise the signs of hypoglycaemia, especially in those
with type 1 diabetes.

Signs of hypoglycaemia include:
• excessive hunger
• trembling
• sweating
• nausea.

If you notice someone with these symptoms (particularly if they have type 1 diabetes), it is important to
encourage them to have a source of glucose, to prevent further symptoms of hypoglycaemia developing.
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Another treatment for severe hypoglycaemia is through the use of glucagon. In type 1 diabetes, due to the
issues with producing insulin, natural glucagon does not work as expected, as the use of insulin and glucagon
in the negative feedback loops of glucose regulation is interrupted. Therefore, administered glucagon can
counteract the effects of hypoglycaemia by triggering the liver to break down stored glycogen and release this
as glucose into the bloodstream. Glucagon medication is usually only used when an individual is not responsive
or unconscious, or in cases of severe hypoglycaemia.

Although hypoglycaemia is more common in diabetic individuals, it can also occur in other individuals.
Although this is rare, there are some triggers or risk factors that can cause this, such as:

• the production of too much insulin following a meal: this causes blood glucose to drop more than expected
• drinking too much alcohol: this can cause damage to liver functionality. Usually, when blood glucose

decreases, glucagon from the pancreas acts on the liver to break down stored glycogen into glucose. If the
liver is damaged, it can be difficult for the liver to break down glycogen and release glucose.

• hepatitis: hepatitis is inflammation of the liver. Similar to drinking too much alcohol, this can prevent the
liver from functioning correctly, and not release glucose from glycogen.

• some medications: different medications can cause side effects such as hypoglycaemia, such as medication
for malaria.

• anorexia: blood glucose levels can drop extremely low due to the lack of food consumption
• tumours and pancreatic cancer: tumours in the pancreas and pancreatic cancer can affect the production of

insulin and glucagon. More particularly, they can cause the overproduction of insulin. Too much insulin can
cause blood glucose levels to fall, resulting in hypoglycaemia.

SAMPLE PROBLEM 6 Exploring type 1 diabetes and hypoglycaemia
tlvd-1752

A 17-year-old male with type 1 diabetes has his lunch — a sandwich and a small block of chocolate.
His friend, who does not have diabetes, consumes the exact same lunch.
a. What differences would you exact to see in the blood glucose and blood insulin concentrations

between the two individuals? (2 marks)
b. The diabetic student monitors his blood glucose level and takes insulin. However, soon after taken

insulin he becomes very dizzy and faints. Explain what may have caused these symptoms and what
this is called. (2 marks)

c. Describe two possible treatments for this scenario. (2 marks)

THINK WRITE

a. 1. Carefully read the question. You need
to outline both blood insulin and blood
glucose. Consider the blood insulin levels
in the diabetic male, who cannot produce
insulin, and his friend, who can produce
insulin.

The friend without diabetes would have an increase
in insulin production and blood insulin in response to
the meal. The diabetic male cannot produce insulin as
they have non-functioning beta cells (1 mark).

2. Consider the blood glucose levels in the
diabetic male, who is unable to regulate
blood glucose due to malfunctions in
homeostatic mechanisms, and his friend,
who can regulate their glucose levels.

The non-diabetic friend would have an initial increase
in blood glucose before it returns to normal levels.
The diabetic individual would have a continual rise in
blood glucose levels (1 mark).

b. 1. Identify what the question is asking you
to do — explain a set of symptoms and
identify the name. It is easier to identify
the name first to help guide your answer.

The diabetic student is in a state of hypoglycaemia
(1 mark).
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2. Read the question carefully to identify
the situation and the symptoms — the
individual had taken insulin, which acts
to lower blood glucose, but they soon felt
dizzy and faint.

It is likely that the student has injected too much
insulin, causing his blood glucose to drop too low,
leading to symptoms such as dizziness and causing the
student to faint (1 mark).

c. The question is asking for two treatments for
two marks.

• Have the individual consume something high in
glucose, such as lollies or a fruit juice (1 mark).

• If the individual is unresponsive or the situation
become worse, glucagon infusions can be used to
increase blood glucose levels (1 mark).

4.7.4 Hyperthyroidism
The thyroid gland produces the hormone thyroxine in response to the release of thyroid-stimulating hormone
(TSH) from the pituitary gland. Thyroxine directly affects the metabolic rate and the cardiovascular function of
a person. If thyroxine levels in the blood are too high, the metabolic rate increases, but if they are 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 insufficient amounts of the hormone.

hyperthyroidism condition in which
there is an overabundance in thyroid
hormone production

An overactive thyroid gland results in an increase in the basal metabolic rate of an affected person — a condition
known as hyperthyroidism.

In hyperthyroidism, excessive production of thyroid hormones drives up the basal metabolic rate, affecting many
functions.

FIGURE 4.72 Hyperthyroidism shown in a gamma camera
scan, in which the uptake of iodine by the thyroid is
observed. Some parts of the thyroid are much brighter,
indicating an overactive thyroid.

A person with hyperthyroidism will show many
symptoms, including:

• an increase in the resting heart rate
• an elevated body temperature
• an increase in appetite
• unexplained weight loss
• sensitivity to and sweating in warm

conditions
• relative insensitivity to cold conditions.

Hyperthyroidism may be the result of the growth
of nodules on the thyroid or local inflammation.
Genetic factors can also predispose a person to
hyperthyroidism.

One disease that causes hyperthyroidism is
Graves’ disease. Graves’ disease is an autoimmune disease that is more commonly seen
in women under the age of 40. In Graves’ disease, the immune cells target cells in the
thyroid gland. These antibodies act like the pituitary hormone, causing the thyroid to
produce excess thyroxine rather than producing the amount that allows for homeostatic
mechanisms.
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FIGURE 4.73 Graves’ disease leads to excessive thyroxine
being produced and an enlarged thyroid.
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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 (figure 4.74).
Carbimazole is one such anti-thyroid medication.
Carbimazole is converted to an active form in
the body that prevents the precursor of thyroxine
from binding the iodine atoms that are needed
to produce active thyroxine.

FIGURE 4.74 a. Molecular structure of the hormone thyroxine. Note the four iodine atoms that form part of its
structure. b. Carbimazole, an anti-thyroid medicine
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EXTENSION: Hypothyroidism

FIGURE 4.75 A severe case of goitre
in a woman. The goitre most probably
resulted from an iodine-deficient diet
over the course of the woman’s life.

As opposed to an overactive thyroid as seen in hyperthyroidism,
hypothyroidism can occur due to an underactive thyroid. It can
also occur in people when their long-term diet is chronically
deficient in iodine. Symptoms include an enlarged thyroid gland
(goitre).

In hypothyroidism, the metabolic rate of the body falls below
normal. It can be treated with hormone replacement by
administration of thyroxine tablets.

To access more information on this extension concept, please
download the digital document.

Resourceseses
Resources

Digital document Extension: Hypothyroidism (doc-35890)
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Resourceseses
Resources

eWorkbook Worksheet 4.7 Malfunctions in homeostasis (ewbk-7503)

Weblink Hyperthyroidism — Hormones Australia

KEY IDEAS

• Type 1 diabetes in an autoimmune disease that affects the beta cells in the pancreas.
• In type 1 diabetes, blood glucose levels are above the normal range (hyperglycaemia) due to the individual’s
inability to produce insulin.

• One treatment for type 1 diabetes is the administration of insulin to reduce blood glucose levels.
• When blood glucose levels drop too low, this can result in hypoglycaemia.
• Hypoglycaemia is often the result of excessive insulin production.
• Hyperthyroidism causes an elevation in basal metabolic rate that affects the function of many body organs.
• Hyperthyroidism results from an overactive thyroid, leading to an increased production of the thyroid
hormones T3 and T4 (thyroxine).

4.7 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

4.7 Quick quiz 4.7 Exercise 4.7 Exam questions

4.7 Exercise

1. Identify whether the following statement is true or false: ‘Treatment of type 1 diabetes uses hormone
replacement’ Justify your response.

2. Why might a person with diabetes keep a sweet in their pocket?
3. Describe how the treatment of type 1 diabetes can lead to hypoglycaemia.
4. Give three symptoms of hyperthyroidism, and explain why these symptoms might occur.
5. Two individuals each ingested 60 g of glucose in solution. Their blood plasma glucose levels were measured

over the next few hours and the results are shown below.

TABLE Blood plasma glucose levels over time

Time after ingestion

Individual 0 mins 20 mins 40 mins 60 mins 80 mins
Individual 1 4.9 mmol/L 7.8 mmol/L 12.2 mmol/L 13.1 mmol/L 15.6 mmol/L

Individual 2 4.9 mmol/L 7.8 mmol/L 9.1 mmol/L 7.4 mmol/L 6.1 mmol/L

a. Draw a clear graph to show this data.
b. Describe why the blood glucose levels did not decrease in individual 1.
c. Both individuals are given an injection of insulin at 90 minutes. What would happen to their blood glucose

concentration?
6. Insulin for the treatment of type 1 diabetes comes in different forms. These are shown in figure 4.68.

a. Explain an advantage that a rapid-acting insulin such as Lispro might have over a longer-acting insulin
such as glargine.

b. Explain a disadvantage that a rapid-acting insulin such as Lispro might have over a longer-acting insulin
such as glargine.

7. Hyperthyroidism is commonly caused by diseases such as Graves’ disease, an autoimmune disease that
attacks the thyroid and causes it to be overactive. Suggest a possible treatment that may be used to combat
the hyperthyroidism caused by Graves’ disease.
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4.7 Exam questions

Question 1 (1 mark)

MC Which of the following diseases is associated with hyperthyroidism?
A. Diabetes mellitus
B. Graves’ disease
C. Diabetes insipidus
D. Nephritis

Question 2 (1 mark)

MC Diabetes mellitus may occur when
A. the pancreas fails to produce enough insulin.
B. your brain is not producing enough antidiuretic hormone.
C. the pancreas produces high levels of glucagon.
D. your body cells increase uptake of glucose from their internal environment.

Question 3 (1 mark)

MC Goitre is an abnormal enlargement of the thyroid gland. This is likely to affect homeostatic mechanisms that
help regulate
A. water balance.
B. blood glucose.
C. metabolic rate.
D. oxygen concentration.

Question 4 (3 marks)
Source: VCAA 2003 Biology Exam 1, Section B, Q5a,b

The table below shows the mean levels of glucose and insulin in two groups of people sampled one hour after
the ingestion of 75 g of glucose. One of the experimental groups consisted of people with diabetes; the other
acted as a control.

group X group Y

time after glucose ingestion 0 min 60 min 0 min 60 min

plasma glucose (mmol/L) 5.3 13.0 5.3 7.8

plasma insulin (mmol/L) 68 66 69 380

a. What is the purpose of the control group? 1 mark
b. Using the above data, give two reasons to explain which group (X or Y) included the people with

diabetes. 2 marks

Question 5 (3 marks)
Source: Adapted from VCAA 2004 Biology Exam 1, Section B, Q6b, 6c

Regulation of blood-glucose concentration relies upon functioning β cells in the Islets of Langerhans in the
pancreas. These cells produce a hormone. Diabetes mellitus develops when β cells are destroyed.
a. Currently, individuals with diabetes mellitus are treated with injections of the missing hormone. These

injections are usually given several times each day.
Recently, a pump capable of delivering the hormone continuously in response to changing blood-glucose
concentration has been developed. The pump turns on and off automatically when the blood glucose
changes.
What would be the signal for the pump to turn on and begin delivering the hormone? 1 mark

b. Episodes of abnormally low concentration of blood glucose are reported to be less frequent in
individuals when an automatic hormone pump is used rather than hormone injections.
Explain why this would be the case. 2 marks

More exam questions are available in your learnON title.
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4.8 Review
4.8.1 Topic summary
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Resourceseses
Resources

eWorkbook Worksheet 4.8 Reflection — Topic 4 (ewbk-7505)

Practical investigation eLogbook Practical investigation eLogbook — Topic 4 (elog-0162)

Digital documents Key terms glossary — Topic 4 (doc-34652)
Key ideas summary — Topic 4 (doc-34663)

4.8 Exercises
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

4.8 Exercise 1: Review questions
1. Explain the difference between the members of the following pairs.

a. Ectotherm and endotherm
b. Vasoconstriction and vasodilation
c. Thermoregulation and osmoregulation
d. Core temperature and peripheral temperature

2. Give an explanation in biological terms for each of 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 air at the same

temperature.

3. The stimulus–response model is an important homeostatic mechanism.
a. Explain how the stimulus–response model allows for homeostasis.
b. To maintain homeostasis, would the feedback loop need to be negative or positive? Justify your response.
c. Describe what is meant by each of the following terms.
d. Draw a clear diagram showing the relationship between the terms you described in part c.

i. Response
ii. Control centre
iii. Effector
iv. Stimulus
v. Receptors

4. Draw a single flowchart showing how water balance occurs in animals. On your flowchart, you should show
what happens when water is both low and high.

5. An 28-year-old female had been feeling unwell, with swollen glands, an increased body temperature,
unexplained weight loss, an increased appetite and a loss of sensitivity to the cold. She told the doctor that
no matter what she tried, she always seemed to have an increased body temperature.
a. What do you think the doctor may diagnose this female with?
b. Why would he have made this decision?
c. What hormone would likely be elevated to cause these symptoms in the 28-year old female?
d. Outline how homeostatic mechanisms failed in this individual.
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6. When the walls of a small blood vessel are damaged, platelets in the blood cling to the damaged site and
start clot formation. These 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? Briefly explain
your decision.

7. 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? (The 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 their 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.

8. The body fluid of some animals, such as octopuses, squids, sharks and rays, has the same osmotic pressure
as sea water. Identify a possible advantage of this situation in terms of water balance.

9. 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.

Group A Group B Group C

Treatment
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.

10. Bony fish (all fish excluding sharks and rays) use homeostatic mechanisms to maintain their water balance.
Water balance also involves maintaining a balance of the salts in body fluids. Fish that live in fresh water and
fish that live in sea water face different challenges in achieving a water balance.
Here are some facts:
• The scale-covered skin of most fish is relatively impermeable to water and salts.
• However, both freshwater and saltwater (marine) fish 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 fish allow not only the passage of oxygen and carbon dioxide, but also
the movement of water and salts.

• The body fluids of freshwater fish have a higher solute concentration than fresh water, so are hypertonic to
the water in which freshwater fish live.
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• In freshwater fish, 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 fluids of marine fish have a lower solute concentration than sea water, so are hypotonic to the
water in which marine fish live.

• In marine fish, 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.

Complete the table below 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

Variable Freshwater fish Saltwater fish
Volume of urine produced

Volume of water drunk

Salt movement across gills

4.8 Exercise 2: Exam questions

Resourceseses
Resources

Teacher-led videos Teacher-led videos for every exam question

Section A — Multiple choice questions

All correct answers are worth 1 mark each; an incorrect answer is worth 0.

Question 1

Source: VCAA 2006 Biology Exam 1, Section A, Q16

The following diagram is a summary of a homeostatic mechanism for compound X.

organ Y

detects

increase

cells in organ Y

release

compound Z

blood levels

of compound X

reduced

increase in

compound X

in blood

A. the cells must act as exocrine glands.

B. there must be sensors for compound X levels.

C. compound Z must act to increase blood levels of compound X.

D. compound X sensors and compound X effectors are part of the nervous system.
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Question 2

The hormone responsible for the control of water balance in animals is

A. thyroxine.

B. ADH.

C. FSH.

D. insulin.

Question 3

When a plant is trying to prevent water loss

A. guard cells become flaccid and close stomata.

B. guard cells become turgid and close stomata.

C. guard cells become flaccid and open stomata.

D. guard cells become turgid and open stomata.

Question 4

Insulin is produced by

A. alpha cells in the pancreas.

B. beta cells in the pancreas.

C. the hypothalamus.

D. the pituitary gland.

Question 5

Which of the following is NOT an example of a negative feedback loop?

A. When body temperature increases, homeostatic mechanisms bring it back to normal.

B. During childbirth, the baby pushing down onto the cervix leads to more oxytocin being released.

C. When ion levels in the blood are high, the kidney produces highly concentrated urine.

D. Upon eating a meal, insulin is produced by the pancreas.

Question 6

In hyperthyroidism

A. individuals have a lower than normal body temperature.

B. the body does not produce thyroxine.

C. individuals are more susceptible to the cold.

D. individuals have a higher than normal heart rate.

Question 7

Source: VCAA 2008 Biology Exam 1, Section A, Q23

In mammals the parathyroid gland secretes parathyroid hormone (PTH). PTH is involved in regulating the
concentration of calcium in blood plasma. Parathyroid hormone increases the amount of calcium in plasma by
causing calcium to move from bone to the plasma, and by assisting the uptake of calcium from the alimentary
canal. PTH also stimulates the kidney to activate vitamin D.

The concentration of calcium in plasma acts directly, in negative feedback, to regulate the output of parathyroid
hormone. From this information it would be expected that

A. increased production of PTH results in reduction of vitamin D activation.

B. reduced production of PTH results in increased calcium in the faeces.

C. a chance mutation in a blowfly gene conferring a survival advantage in the chemical environment.

D. high levels of blood calcium stimulate release of PTH.
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Question 8

Source: VCAA 2003 Biology Exam 1, Section A, Q14

The following diagram shows the regulation of thyroxine secretion.

hypothalamus

Thyrotropin Releasing Hormone (TRH)

Thyroid Stimulating Hormone (TSH)

thyroxine

thyroid gland

anterior pituitarynegative

feedback

negative

feedback

A person who lacks sufficient iodine in the diet is unable to manufacture thyroxine. This is because iodine is
required by the thyroid gland to manufacture thyroxine.

It is reasonable to conclude that when a person lacks sufficient iodine in the diet

A. TSH production would increase.

B. TRH production would decrease.

C. the negative feedbacks would cease to operate.

D. the metabolic rate of cells in the body would increase.

Question 9

The hypothalamus produces antidiuretic hormone (ADH), which is stored in the pituitary gland. ADH released by
the pituitary acts on the tubules in the kidney to absorb more water. It would be expected that less ADH would be
released:

A. on a hot day.

B. during exercise.

C. after drinking lots of water.

D. when high ions levels are present in the bloodstream.

Question 10

An individual with type 1 diabetes injects insulin after a meal. However, they inject too much insulin, leading to a
state of hypoglycaemia. It is important that they:

A. immediately consume glucose.

B. administer more insulin to restore glucose levels to normal.

C. eat a meal high in protein.

D. wait two hours as homeostatic mechanisms will take over and increase blood glucose levels.
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Section B — Short answer questions

Question 11 (7 marks)

A plant in the desert has very minimal access to water.

a. Explain how the structure of the roots allows for water balance to be achieved in vascular plants. 2 marks

b. How is water obtained through the roots able to be supplied through the entire plant? 1 mark

c. What is the main process by which plants lose water? 1 mark

d. One of the main ways that plants regulate water is through the use of stomata. Describe how stomata
are able to be opened or closed in different conditions, and draw a clear diagram to show this. 3 marks

Question 12 (5 marks)

Source: VCAA 2012 Biology Exam 1, Section B, Q6

a. Homeostasis is essential for the survival of any organism.

i. What is homeostasis? 1 mark

ii. State one variable, other than body temperature and blood calcium levels, that is under homeostatic control
in a mammal. Explain why the homeostatic control of this variable is essential for survival. 2 marks

b. The flow chart below summarises a sequence of events occurring inside a rod cell in the retina of the
human eye.

hits activates

hyperpolarises
c-GMP

sodium ion channels

in plasma

electrical

impulses

activates
light rhodopsin transducin phosphodiesterase

hydrolyses

close

New set point

This sequence of events is part of a stimulus-response system.

i. Explain why a rod cell is regarded as a receptor in this system. 1 mark

ii. Many of a human’s regulating systems are based on negative feedback.
Does the series of events taking place in a rod cell form part of a negative feedback system?
Explain your answer. 1 mark

Question 13 (10 marks)

The regulation of blood glucose is important for the survival of animals. Glucose allows for our cells to produce
energy to sustain various processes that enable our survival.

a. What is the name of the process that allows for the regulation of blood glucose? 1 mark

b. The two hormones involved in blood glucose regulation are the antagonistic hormones insulin and glucagon.
Describe how insulin and glucagon work alongside each other to control blood glucose levels. 2 marks
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An individual consumes a meal at point A, as shown in the graph below. The change in blood glucose levels over a
period of time is shown.

Blood

glucose

level

(arbitrary

units) A

B

C

Time (mins)

c. Explain how the blood glucose levels decreases at point B. 2 marks

d. The individual did not consume another meal over this time period. Despite that, their blood glucose level
increases at point C. Explain what has caused this. 2 marks

Type 1 diabetes is a common autoimmune disease, in which the immune cells attack the beta cells in the
pancreas.

e. What is the role of beta cells in healthy individuals? 2 marks

f. On a copy of the graph shown above, outline the expected change in blood glucose levels of an individual with
Type 1 diabetes. 1 mark

Question 14 (11 marks)

a. The body temperature of a human is kept constant at 37 °C. Why is it important to keep the body temperature
constant at 37 °C? 1 mark

b. Regulation of body temperature involves negative feedback. Explain what is meant by negative
feedback. 2 marks

c. The temperature of an individual was recorded over a 20-minute period and the data was displayed in a graph.
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Consider the time period 8 minutes to 12 minutes.

i. What change can be seen in the body temperature of the individual during this time? 1 mark

ii. What may the individual be doing during this time to cause the change in temperature seen in this
4-minute time period? 1 mark

iii. Name two physiological responses in the individual that may be occurring after 12 minutes to
bring the body temperature back to 37 °C by 16 minutes. 2 marks

d. Both the nervous system and endocrine system are involved in the regulation of body temperature.
Describe the role played by the endocrine system. 4 marks
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Question 15 (7 marks)

A group of students had no food to eat over an 8-hour period.

Each of their blood glucose levels were measured and recorded. The data is shown in the table below.

Student Blood glucose level (mmol/L)

1 5.6

2 5.0

3 5.4

4 5.5

5 8.0

If an individual has not eaten for this length of time, a blood glucose level of less than 5.6 mmol/L is considered
normal.

Consider the hormones associated with the maintenance of blood glucose levels.

a. Which hormone would you expect to be at a relatively high concentration when the students’ blood glucose
levels were measured? Explain your choice. 3 marks

b. i. Name the disease that student 5 may be suffering from. 1 mark

ii. What medication could the student be prescribed to help maintain blood glucose levels? 1 mark

iii. Explain how this medication works within the body to help maintain blood glucose levels. 2 marks

4.8 Exercise 3: Biochallenge

Resourceseses
Resources

eWorkbook Biochallenge — Topic 4 (ewbk-8074)

Solutions Solutions — Topic 4 (sol-0649)

Test maker
Create unique tests and exams from our extensive range of questions, including practice exam questions.
Access the assignments section in learnON to begin creating and assigning assessments to students.

334 Jacaranda Nature of Biology 1 VCE Units 1 & 2 Sixth Edition

PAGE PROOFS



“c04RegulationOfSystems_PrintPDF” — 2021/5/11 — 16:08 — page 335 — #85

Online Resources Resources

Below is a full list of rich resources available online for this this topic. These resources are designed to bring ideas to
life, to promote deep and lasting learning and to support the different learning needs of each individual.

eWorkbook

4.1 eWorkbook — Topic 4 (ewbk-3160) ⃞
4.2 Worksheet 4.1 Controlling water loss and uptake in

plants (ewbk-7491) ⃞
4.3 Worksheet 4.2 Maintaining the balance (ewbk-7493) ⃞

Worksheet 4.3 Positive and negative feedback loops
(ewbk-7495) ⃞

4.4 Worksheet 4.4 Thermoregulation (ewbk-7497) ⃞
4.5 Worksheet 4.5 Glucose ups and downs (ewbk-7499) ⃞
4.6 Worksheet 4.6 The regulation of water (ewbk-7501) ⃞
4.7 Worksheet 4.7 Malfunctions in homeostasis

(ewbk-7503) ⃞
4.8 Worksheet 4.8 Reflection — Topic 4 (ewbk-7505) ⃞

Biochallenge — Topic 4 (ewbk-8074) ⃞

Solutions

4.8 Solutions — Topic 4 (sol-0649) ⃞

Practical investigation eLogbook

4.1 Practical investigation eLogbook — Topic 4 (elog-0162) ⃞
4.2 Investigation 4.1 Investigating transpiration in plants

(elog-0808) ⃞
Investigation 4.2 Distribution of stomata and guard
cells (elog-0810) ⃞

4.3 Investigation 4.3 The regulation of body temperature
(elog-0812) ⃞

4.4 Investigation 4.4 Testing glucose levels (elog-0814) ⃞

Digital documents

4.1 Key science skills — VCE Biology Units 1–4
(doc-34648) ⃞
Key terms glossary — Topic 4 (doc-34652) ⃞
Key ideas summary — Topic 4 (doc-34663) ⃞

4.2 Extension: Roots grow towards moist soil (doc-35882) ⃞
Extension: Water potential — which way will water
move? (doc-35883) ⃞
Extension: ABA hormone and stomatal pore closing
(doc-35884) ⃞

4.3 Background knowledge: The nervous system
(doc-35885) ⃞

4.4 Extension: How do ectotherms ‘regulate’ temperature?
(doc-35886) ⃞
Case study: Hyperthermia and heat stroke — extreme
heat can kill (doc-35881) ⃞
Extension: What happens when you have a fever?
(doc-35887) ⃞

4.5 Extension: Getting glucose into cells (doc-35888) ⃞
4.7 Extension: Other types of diabetes (doc-35889) ⃞

Extension: Hypothyroidism (doc-35890) ⃞

Teacher-led videos

Exam questions — Topic 4 ⃞
4.2 Sample problem 1 Exploring the role of stomata and

guard cells in water balance (tlvd-1747) ⃞
4.3 Sample problem 2 Comparing feedback loops

(tlvd-1748) ⃞
4.4 Sample problem 3 Understanding body temperature

regulation (tlvd-1749) ⃞
4.5 Sample problem 4 Understanding the regulation of

blood glucose (tlvd-1750) ⃞
4.6 Sample problem 5 Understanding water balance in

animals (tlvd-1751) ⃞
4.7 Sample problem 6 Exploring type 1 diabetes and

hypoglycaemia (tlvd-1752) ⃞

Video eLessons

4.3 Maintaining a stable internal environment (eles-3884) ⃞
4.5 Blood glucose regulation (eles-4735) ⃞
4.6 Urine formation in the kidney (eles-3885) ⃞

Interactivities

4.4 Homeostasis and body temperature regulation
(int-8081) ⃞

4.5 Homeostasis and blood glucose (int-8082) ⃞
4.6 Homeostasis and water balance (int-8083) ⃞

Weblinks

4.3 Sensory receptors ⃞
4.4 History of accidental hyperthermia ⃞

Fevers ⃞
Tragedies are a reminder of the fury of Australia’s
outback heat ⃞

4.7 Diabetes Australia ⃞
Hyperthyroidism — Hormones Australia ⃞

Teacher resources

There are many resources available exclusively for
teachers online.

To access these online resources, log on to www.jacplus.com.au
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