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11.2.1 Requirements for Movement

Bones & Exoskeletons

The e�ective mo vement o f the human bo dy requires bo th muscle  and an inco mpressible

skeleto n

Bo nes and exo skeleto ns pro vide ancho rage f o r muscles and act as levers

Mammals have internal bo nes, called an endo skeleto n, to  suppo rt their bo dies fro m the inside

with tissues surro unding the bo ne

Many o rganisms have external skeleto ns  called exo skeleto ns  which are fo und o n the o utside o f

the o rganism to  pro tect the internal tissues

Organisms that have exo skeleto ns  include:

Crustaceans

Insects

Arachnids

Centipedes and millipedes

Mo lluscs

Key features o f bo th exo  and endo  skeleto ns is that they pro vide suppo rt f o r the bo dy o f the

o rganism whilst also  f acilitating mo vement

Exo skeleto ns also  pro vide pro tectio n fo r the bo dy's so ft tissues within

Muscles are ancho red to  the skeleto n either o n the inside (as with exo skeleto ns) o r the o utside

(as with endo skeleto ns) and the presence o f pivo t po ints means that skeleto ns act as levers

transferring the siz e and directio n o f fo rce

Levers have a po int o f e�o rt , a po int o f lo ad  and a pivo t po int  called the fulcrum

These same three features are seen in skeleto ns
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Antagonistic Pairs

There are o ver 600 skeletal muscles in the human bo dy

Muscles are e�ecto rs, stimulated by nerve impulses fro m mo to r neuro nes (specialised cells

adapted to  rapidly carry electrical charges called nerve impulses fro m senso ry neuro nes to  the

muscles to  bring abo ut mo vement)

Lengths o f stro ng co nnective tissue called tendo ns, co nnect muscles to  bo nes

They are �exible but do  no t stretch when a muscle is co ntracting and pulling o n a bo ne

Muscles are o nly capable o f co ntracting o r pulling, they canno t push

As a result o f this limitatio n muscles generally o perate in pairs

One muscle pulls in o ne directio n at a jo int and the o ther muscle pulls in the o ppo site directio n

This is described as antago nistic muscle actio n

An example o f this can be seen in the bicep and tricep o f the arm

To  raise the lo wer arm

The bicep co ntracts and the tricep relaxes

As the bo ne can't be stretched the arm �exes aro und the jo int

This brings the tricep into  its full length so  that it can co ntract again

To  lo wer the lo wer arm

The tricep co ntracts and bicep relaxes

As the bo ne can't be stretched the arm �exes aro und the jo int

The two muscles work together by pulling in opposite directions

Ant agonist ic pairs of  muscles in an insect  leg

Antago nistic muscles  are also  co mmo n in the appendages o f  insects

Insects such as the praying mantis and the grassho pper have rear legs that are adapted to  allo w

jumping

These rear legs are separated into  three sectio ns

The tarsus  is the lo wer leg
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The tibia is the middle part belo w the jo int

The f emur is the upper leg

Antago nistic muscles co nnect the tibia and femur

An extenso r muscle

A �exo r muscle

The structure of a grasshopper leg including antagonistic muscles

When preparing to  jump, the �exo r muscles co ntract  and the extenso r muscles relax

This is called ‘�exing’

The shape o f the leg is ‘Z’ shaped as the tibia and femur are bro ught clo ser to gether

To  pro pel the insect into  the air, the extenso r muscle then co ntract and �exo r muscles relax
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Antagonistic muscles control the jumping movement of a grasshopper
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Joints & Range of Movement

Syno vial jo ints  are the mo st co mmo n type o f jo int in the human bo dy

They are characterised by a jo int cavity �lled with a lubricating syno vial �uid  which reduces

f rictio n

The �uid is pro duced by the syno vial membrane, which surro unds the jo int

Syno vial jo ints are capable o f  a variety o f  di�erent mo vements  which depends o n the structure

within the jo int including the jo int type and the ligaments

The mo vements po ssible at the jo int are

Flexio n

Extensio n

Ro tatio n

Abductio n (the mo vement o f a limb away fro m the bo dy)

Adductio n (the mo vement o f a limb to wards the bo dy)

Table to  sho w so me examples o f  di�erent jo int types and their asso ciated mo vements
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11.2.2 Skeletal Muscle

Skeletal Muscle Fibres: Structure

Muscles in the bo dy that are attached to  the skeleto n and aid mo vement are called skeletal

muscles

Other muscle types include:

Cardiac muscle  which is fo und in the heart

Smo o th muscle  is fo und in the blo o d vessels and o rgans

Skeletal muscle is striated  as it has a stripy appearance when viewed under a micro sco pe

Striated muscle cells are bundled up into  �bres which are surro unded by a single plasma

membrane called the sarco lemma

The �bres are highly specialised cell-like units

Each muscle �bre co ntains:

An o rganised arrangement o f co ntractile pro teins  in the cyto plasm

Many nuclei – this is why muscle �bres are no t usually referred to  as cells

Specialised endo plasmic reticulum called the sarco plasmic reticulum (SR) which sto res

calcium and co nveys signals to  all parts o f the �bre at o nce using pro tein pumps in the

membranes

Specialised cyto plasm called the sarco plasm co ntains mito cho ndria and myo �brils

The mito cho ndria carry o ut aero bic respiratio n to  generate the ATP required fo r

muscle co ntractio n

Myo �brils are bundles o f actin and myo sin �laments, which slide past each o ther

during muscle co ntractio n

The sarco lemma (muscle �bre membrane) has many deep tube-like pro jectio ns that fo ld in fro m

its o uter surface

These are kno wn as transverse system tubules  o r T -tubules

These run clo se to  the SR
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11.2.3 Mechanism of Muscle Contraction

Sliding Filament Model

The thick �laments  within a myo �bril are made up o f myo sin mo lecules

These are �bro us pro tein mo lecules with a glo bular head

The �bro us part o f the myo sin mo lecule ancho rs  the mo lecule into  the thick �lament

In the thick �lament, many myo sin mo lecules lie next to  each o ther with their glo bular heads all

po inting away f ro m the M line

The thin �laments  within a myo �bril are made up o f actin mo lecules

These are glo bular pro tein mo lecules

Many actin mo lecules link to gether to  fo rm a chain

T wo  actin chains  twist to gether to  fo rm o ne thin �lament

A �bro us pro tein kno wn as tro po myo sin is twisted aro und the two  actin chains

Ano ther pro tein kno wn as tro po nin is attached to  the actin chains at regular intervals

Muscles cause mo vement by co ntracting

During muscle co ntractio n, myo sin heads f o rm cro ss-bridges  by binding with sites o n the

actin �laments

The myo sin heads then change o rientatio n which pulls the actin �laments  so  that they slide

next to  the myo sin.

This is called a po wer stro ke

Sarco meres  within myo �brils sho rten as the Z lines are pulled clo ser to gether
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When the muscle contracts, the sarcomere shortens due to the sliding of the actin and myosin �laments.
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Role of ATP and Calcium Ions in Muscle Contraction

The sliding o f  the �laments, which facilitate muscle co ntractio n, is dependent o n a series o f

pro tein mo lecules as well as calcium and AT P

Calcium drives the pro cess in the fo llo wing way:

An actio n po tential arrives at the neuro muscular junctio n

Calcium io ns  are released fro m the sarco plasmic reticulum (SR)

Calcium io ns  bind to  tro po nin mo lecules  (fo und o n the actin �laments), stimulating them to

change shape

This causes tro po myo sin pro teins  to  change po sitio n o n the actin (thin) �laments

Myo sin binding sites are expo sed  o n the actin mo lecules

The glo bular heads o f  the myo sin mo lecules bind with these sites, fo rming cro ss-bridges

between the two  types o f �lament

The fo rmatio n o f the cro ss-bridges causes the myo sin heads to  spo ntaneo usly bend

(releasing ADP and ino rganic pho sphate), pulling the actin �laments to wards the centre o f

the sarco mere

This is the po wer stro ke

This causes the muscle to  co ntract  a very small distance
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Calcium binds to the troponin resulting in a change in shape of tropomyosin

E�ective muscle co ntractio n o ccurs when many po wer stro kes o ccur in quick successio n; fo r

this to  take place, AT P is required

AT P binds to  the myo sin heads  pro ducing a change in shape that causes the myo sin heads

to  release f ro m the actin �laments

The enz yme AT P hydro lase  hydro lyses ATP into  ADP and ino rganic pho sphate which causes

the myo sin heads to  mo ve back to  their o riginal po sitio ns

This is kno wn as co cking o f the myo sin head o r the reco very stro ke

The myo sin heads are then able to  bind to  new binding sites  o n the actin �laments, clo ser to

the Z  disc

The myo sin heads mo ve again, pulling the actin �laments even clo ser the centre o f the

sarco mere, causing the sarco mere to  sho rten o nce mo re and pulling the Z discs clo ser

to gether

ATP binds to  the myo sin heads o nce mo re in o rder fo r them to  detach again
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As lo ng as tro po nin and tro po myo sin are no t blo cking the myo sin-binding sites and the

muscle has a supply o f ATP, this pro cess repeats until the muscle is fully co ntracted

When the mo to r neuro ne sto ps sending impulses to  the muscle �bre, calcium io ns are actively

pumped back into  the sarco plasmic reticulum and the tro po myo sin mo ves back to  co ver the

binding sites o n the actin

The muscle is no w relaxed

Exam T ip

The sliding �lament mo del can be di�cult to  visualise fully with diagrams. To  help yo u mo re

clearly understand the steps invo lved, try to  �nd so me animatio ns o r video s o f the sliding

�lament mo del o nline to  see the mo vement o f  the myo sin heads and thin (actin) �laments

during muscle co ntractio n! 

Be sure to  use the term calcium ions, rather than just calcium.

Using Fluorescence to Study Muscle Contractions

NOS: Development s in scient i�c research f ollow improvement s in apparat us -
Fluorescence was used t o st udy t he cyclic int eract ions in muscle cont ract ion

Fluo rescence  is the emissio n o f  electro magnetic radiatio n after the substance has been

expo sed to  a di�erent wavelength o f radiatio n

Fluo rescence has been used histo rically to  study muscle co ntractio n in o rganisms under the

micro sco pe by injecting them with �uo rescent pro teins, called aequo rins, extracted fro m a

jelly�sh species, Aequorea victoria

Aequo rins are calcium sensitive  and so  react with Ca  io ns released during the muscle

co ntractio n

The interactio n can be viewed under a micro sco pe

Auto radio graphy  can also  be used to  sho w the presence o f calcium iso to pe, calcium-45

during muscle co ntractio n

Calcium is present in the o verlapping regio ns o f the actin and myo sin

Here it binds to  the tro po nin causing a change in the shape o f tro po myo sin, allo wing the

myo sin to  bind to  the actin

In a study o f Nitella axillaris (a species o f algae) cells, the mechanism o f the sliding �lament theo ry

has been demo nstrated by attaching a �uo rescent dye to  the end o f myo sin �bres

Under micro sco pe, the myo sin was sho wn to  'walk' alo ng the actin �bres  during co ntractio n

This same metho d was also  used to  demo nstrate the e�ect o f AT P levels o n the speed o f  the

co ntractio n and therefo re sho w the dependence o f the sliding �lament theo ry o n the availability

o f ATP

When mo re AT P was present, the �bres mo ved at a f aster speed  than when there was less

ATP present

2+
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11.2.4 Skills: The Human Elbow & Sarcomeres

Annotating the Human Elbow

The human elbo w is an articulated syno vial jo int which means that it is a junctio n where two

mo ving bo nes meet encapsulated in syno vial �uid

It co nsists o f several co mpo nents which can be labelled o n a diagram and anno tated with

descriptio ns o f each structure in the fo llo wing way:

The human elbow joint
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Drawing a Sarcomere

An accurate drawing o f the sarco mere is a go o d way to  demo nstrate the relative mo vement o f

the muscle �bres  during muscle co ntractio n

It also  allo ws us to  understand the visible bands  seen in the images o f muscle tissue in

micro graphs

So me impo rtant co nsideratio ns are as fo llo ws:

Z -lines  mark either end o f a sarco mere

Actin must be adjo ined clearly to  the z -lines and is thinner than the myo sin

Myo sin sho uld be sho wn with the cro ssheads visible and sho uld be thicker than actin

Light bands (aro und the z  line) and dark bands (where the 2 �lament types o verlap) sho uld be

labelled

The sarcomere
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11.2.5 Skills: Analysing Muscle Contractions in Electron Micrographs

Analysing Muscle Contractions in Electron Micrographs

Many bio lo gical structures are to o  small to  be seen by the naked eye

Optical micro sco pes  are an invaluable to o l fo r scientists as they allo w fo r tissues, cells and

o rganelles to  be seen and studied

Electro n micro sco pes  pro vide a much higher magni�catio n and reso lutio n so  sub-cellular

details can be studied

Using micro sco pes to  calculate the siz e o f specimens requires the use o f an eyepiece graticule

which sho uld be calibrated to  the micro sco pe

Ho wever, it can be very di�cult to  make o ut the features o f skeletal muscle �bres using an

o ptical micro sco pe

Only the banding is visible, this is why it is referred to  as striated muscle

T he dark bands pro duce a characteristic striped appearance under an o ptical micro sco pe

Electro n micro sco pes are o ften used to  see muscle �bres in mo re detail

They reveal the structure o f myo �brils
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The detailed structures of the muscle �bres are visible due to the much stronger magni�cation of the

electron microscope.

In a relaxed sarcomere:

There will be visible dark lines where the Z -lines are  at either end o f the sarco mere

There will also  be a darker band in the middle o f the sarco mere where the thicker myo sin �bres

are po sitio ned and in the very centre o f that is the M line

Aro und the Z-line, lighter bands are seen where the thinner actin �bres  are po sitio ned

In a cont ract ed sarcomere:

The Z -lines and M-lines are still visible  with a sho rter distance  between the two  z -lines
The lighter bands  aro und the z -line will be smaller o r no t visible

The darker band will be the same siz e (altho ugh may appear a bit darker).
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