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Think about catching a ball.  Easy? It may seem so, but to
perform even this simple movement, your brain has to do
some remarkable things.  We take it all for granted, yet
there is the planning: Is the ball light or heavy? From what
direction is it coming and how fast will it be going? There is
the coordination: How does one automatically coordinate
one’s limbs for catching and what way would be best? And
there is the execution: Does your arm get to the right
place and do your fingers close at the right time?
Neuroscientists now know that there are many areas of
the brain that get involved.  Neural activity in these areas
combines to form a loose chain of command – a motor hier-
archy - from the cerebral cortex and basal ganglia to the
cerebellum and spinal cord.

The neuromuscular junction

At the lowest extreme of the motor hierarchy, in the spinal
cord, hundreds of specialised nerve cells called motor 
neurons increase their rate of firing.  The axons of these 
neurons project out to the muscles where they activate 
contractile muscle fibres.  The terminal branches of the
axons of each motor neuron form specialised neuromuscular
junctions on to a limited number of muscle fibres within one
muscle (see Figure below).  Each action potential in a motor
neuron causes the release of neurotransmitter from nerve
endings and generates a corresponding action potential in
the muscle fibres. This causes Ca2+ ions to be released from
intracellular stores inside each muscle fibre. This in turn 
triggers contraction of the muscle fibres, producing force
and movement.

The electrical events in the muscles of the arm can be
recorded with an amplifier, even through the skin, and these
electro-myographic recordings (EMGs) can be used to 
measure the level of activity in each muscle (see Fig. above).  

The spinal cord plays an important part in the control of the
muscles through several different reflex pathways.  Among
these are the withdrawal reflexes that protect you from
sharp or hot objects, and the stretch reflexes that have a
role in posture.  The well-known ‘knee-jerk’ reflex is an example
of a stretch reflex that is rather special because it involves
only two types of nerve cell - sensory neurons that signal
muscle length, connected through synapses to motor 
neurons that cause the movement. These reflexes combine
together with more complex ones, in spinal circuits that
organise more or less complete behaviours, such as the
rhythmic movement of the limbs when walking or running.
These involve coordinated excitation and inhibition of 
motor neurons.

Motor neurons are the final common path to the muscles
that move your bones. However, the brain has a major 
problem controlling the activity of these cells. Which muscles
should it move to achieve any particular action, by how much,
and in what order?

The top of the hierarchy - 
the motor cortex

At the opposite end of the motor hierarchy, in the cerebral
cortex, a bewildering number of calculations have to be made
by many tens of thousands of cells for each element of
movement.  These calculations ensure that movements are
carried out smoothly and skilfully.  In between the cerebral 

Movement

To make muscles contract, the nerves form specialized
contacts with individual muscle fibres at the 
neuromuscular junction.  As they develop, multiple nerve
fibres go to each muscle fibre but, due to competition
between neurons, all but one is eliminated.  The final 
successful nerve is then left to release its 
neurotransmitter acetylcholine on to specialised molecular
detectors at the “motor endplate” (stained red).  
This image was made using a confocal microscope.

Recordings of the electrical activity associated with 
muscles (electro-myographic activity).
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cortex and motor neurons of the spinal cord, critical areas in
the brain stem combine information about the limbs and
muscles ascending from the spinal cord with descending
information from the cerebral cortex.

The motor cortex is a thin strip of tissue running across the
surface of the brain, directly in front of the somatosensory
cortex (see p.12).  Here is a complete map of the body: nerve
cells that cause movements in different limbs (via connec-
tions onto the motor neurons in the spinal cord) are 
topographically arranged.  By using a recording electrode,
neurons may be found in any part of this map that are active
about 100 milliseconds before activity in the appropriate
muscles.  Quite what is coded in the motor cortex was the
subject of a long debate - do the cells in the cortex code for
actions that a person wants to perform or for the individual
muscles that must be contracted to perform it.  The answer
to this question turned out to be somewhat different – 
individual neurons do not code for either.  Instead a 
population code is used in which actions are specified by the
firing of an ensemble of neurons.

Just in front of the motor cortex lie important pre-motor
areas that are involved in planning actions, in preparing spinal
circuits for movement, and in processes that establish links
between seeing movements and understanding gestures.
Striking new findings include the discovery of mirror neurons
in monkeys that respond both when the monkey sees a hand
movement and when the animal performs that same move-
ment.  Mirror neurons are likely to be important in imitating
and understanding actions.  Behind the motor cortex, in the 
parietal cortex, a number of different cortical areas are 
concerned with the spatial representation of the body and of
visual and auditory targets around us.  They seem to hold a
map of where our limbs are, and where interesting targets
are with respect to us.  Damage to these areas, for example

after a stroke, can cause misreaching for objects or even
neglect or denial of parts of the world around us.  Patients
with so-called parietal neglect fail to notice objects (often
on their left side) and some even ignore the left side of their 
own body.

The basal ganglia

The basal ganglia are a cluster of interconnected areas
located beneath the cortex in the depths of the cerebral
hemispheres.  They are crucial in the initiation of movements,

The several regions of the brain involved in controlling
movements.

“…mirror neurons will do for psychology what DNA did for biology: they will provide a
unifying framework and help explain a host of mental abilities that have hitherto
remained mysterious and inaccessible to experiments.  They are the great leap 
forward of primate brain evolution”.  V.S.Ramachandran

An Experiment on Movement

Who moves me? Try this experiment with a friend.
Pick up a fairly heavy book on the palm of your right
hand.  Now lift the book from your right hand with
your left.  Your task is to keep your right hand still!
You should find this easy.  Now try again, keeping
your hand absolutely still while your friend lifts the
book off your hand.  Few people can do that.  Don’t
worry; it takes very many trials to be able to get
even close to the performance you found easy when
you did it yourself.

This experiment illustrates that the sensorimotor
areas of your brain have more knowledge about
what you do entirely yourself than it receives when
you watch others give the trigger for your actions.

t
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though quite how they do this is far from clear.  The basal
ganglia seem to act rather like a complex filter, selecting
information from amongst the enormous numbers of diverse
inputs they receive from the anterior half of the cortex (the
sensory, motor, prefrontal and limbic regions). The output of
the basal ganglia feeds back to the motor cortical areas.

A common human motor disorder, Parkinson’s disease, is
characterised by tremor and difficulty in initiating move-
ments.  It is as if the selective filter in the basal ganglia is
blocked.  The problem is the degeneration of neurons in an
area of the brain called the substantia nigra (so-called
because it is black in appearance) whose long, projecting
axons release the neurotransmitter dopamine into the basal
ganglia (see Research Frontiers box below). The precise
arrangement of the dopamine axons onto their target 
neurons in the basal ganglia is very intricate, suggesting an
important interaction between different neurotransmitters.
Treatment with the drug L-Dopa, which is converted into
dopamine in the brain, restores dopamine levels and restores
movement (see Chapter 16).

The basal ganglia are also thought to
be important in learning, allowing the
selection of actions that lead to
rewards.

The cerebellum

The cerebellum is crucial for skilful
smooth movements.  
It is a beautiful neuronal machine
whose intricate cellular architecture
has been mapped out in great detail.
Like the basal ganglia, it is extensively
interconnected with the cortical
areas concerned with motor control,
and also with brainstem structures.
Damage to the cerebellum leads to
poorly coordinated movements, loss
of balance, slurred speech, and also a
number of cognitive difficulties.
Sounds familiar? Alcohol has a 
powerful effect on the cerebellum.

The cerebellum is also vital for motor
learning and adaptation.  Almost all voluntary actions rely on
fine control of motor circuits, and the cerebellum is 
important in their optimal adjustment - for example with
respect to timing.  It has a very regular cortical arrangement
and seems to have evolved to bring together vast amounts
of information from the sensory systems, the cortical motor
areas, the spinal cord and the brainstem.  The acquisition of
skilled movements depends on a cellular learning mechanism
called long-term depression (LTD), which reduces the
strength of some synaptic connections (see chapter on
Plasticity).  There are a number of theories of cerebellar 
function; many involve the idea that it generates a “model” of
how the motor systems work – a kind of virtual reality 
simulator of your own body, inside your head.  It builds this
model using the synaptic plasticity that is embedded into
its intricate network. So, catch that ball again, and realise
that almost all levels of your motor hierarchy are involved -
from planning the action in relation to the moving visual 

target, programming the movements of your limbs, and
adjusting the postural reflexes of your arm.  At all stages,
you would need to integrate sensory information into the
stream of signals leading to your muscles.
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An unexpected story about dopamine

The chemistry underlying actions and habits involves the
neurotransmitter dopamine that is released on to
neurons in the basal ganglia where it acts at 
metabotropic receptors (Chapter 3).  There it serves as
both an incentive to act and as a reward signal for acting 
appropriately.  An intriguing new discovery is that the
release of dopamine is highest when the reward is 
unexpected.  That is, the dopamine neurons fire most
strongly at a stage of learning when it really helps to give a
strong reinforcement to the motor system for having 
produced the right output.  Movements can then be
strung together in a sequence through the release of 
successive bursts of dopamine.  Later on, particularly if
complex movements become habitual, the system 
free-runs without the dopamine reward.  At this point,
particularly if movements have to be accurately timed, 
the cerebellum starts to play a role.

Research Frontiers

A Purkinje cell of the cerebellum showing the extensive
‘arborisation’ of its dendritic tree.  This serves to receive
the myriad of inputs required for the precise timing of
skilled movements that we learn.
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Learn a bit about the history of how neuroscientists found out about the control of movement at:
http://www.pbs.org/wgbh/aso/tryit/brain/
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