
4 subsystems:

MOTOR CONTROL

1. lower motor units and their interneurons

2. upper motor neurons; cell bodies in brainstem or cortex

3. cerebellum (error correction)

4. basal ganglia (brake & release)



Figure 16.1  Overall organization of neural structures that control movement

Only 2 ways to control muscles



Brainstem control of motor 
pathways for cranial nerves too!

Example: cranial nerve 
XII, hypoglossal nerve –
runs tongue muscles. 
The hypoglossal nucleus 
runs up & down the 
brainstem and contains 
lower motor neurons.



Figure 16.2  Spatial distribution of lower motor neurons in the ventral horn of the spinal cord

Inject muscle. Retro-
grade dye penetration to 
all motor neurons driving 
just that muscle.



Figure 16.3  Somatotopic organization of lower motor neurons

“white matter”
= axons

“gray matter”
= cell bodies



Figure 16.4  Location of local circuit neurons that supply the medial region of the ventral horn



Figure 16.5  The motor unit



Motor units vary in...

1. The number of muscle fibers per motor unit.

2. The proportion of fibers that are fast or 
slow, and fatique quickly or slowly. 



Box 16A(1)  Motor Unit Plasticity

More gross movements



Figure 16.6  The force and fatigability of the three different types of motor units (Part 1)



Figure 16.6  The force and fatigability of the three different types of motor units (Part 2)







Figure 16.7  Motor neuron recruitment in a cat muscle under different behavioral conditions



Figure 16.8  The effect of stimulation rate on muscle tension



Figure 16.9  Effect of increasing force on firing rate of motor units in a muscle of the human hand



Figure 16.10  Stretch reflex circuitry



Figure 16.10  Stretch reflex circuitry (Part 1)

Feedback for position



Figure 16.10  Stretch reflex circuitry (Part 3)



Figure 16.11  � motor neuron activity regulates muscle spindle responses



Figure 16.12  The function of muscle spindles and Golgi tendon organs (Part 1)

Feedback for force



Figure 16.12  The function of muscle spindles and Golgi tendon organs (Part 2)

(small)(large)



Figure 16.12  The function of muscle spindles and Golgi tendon organs (Part 3)

(large)(small)



Figure 16.13  Negative feedback regulation of muscle tension by Golgi tendon organs



Figure 16.14  Spinal cord circuitry responsible for the flexion-crossed extension reflex





Rhythmic Movement

� Can be initiated and terminated voluntarily 
but, once initiated, they proceed 
automatically

� Characterized by repeated sequence or 
pattern of movements

� Controlled by Oscillators or Pattern 
Generators



Simplest Pattern Generators

• Use single neurons... although these single neurons can 
be part of a larger CPG (but the don’t require other 
neurons to reveal their repetitive nature).

• These neurons have membrane properties that endow 
them with pacemaker properties.



Pacemaker cells are those that demonstrate repetitive 
motion (within the single cell) that continues even when 
stimulation has stopped.  

Often, the activity of pacemaker cells excites and 
synchronizes the activity of populations of other cells (ex: 
vertebrate uterus and heart, lobster cardiac ganglion, 
lamprey locomotion).

NMDA receptors on spinal interneurons are partially 
responsible for locomotion in lampreys. 



Rhythmic Activity in a Spinal Interneuron of the Lamprey

a) Resting state: NMDA and Ca2+ activated K+ channels are closed.  

b) Glutamate causes NMDA receptors to open � depolarization � Ca2+ ions enter

a) Rise of intracellular Ca2+ causes Ca2+ activated K+ channels to open, K+ ions 
leave the neuron, hyperpolarizing the membrane.  The hyperpolarization allows 
Mg2+ ions to enter and clog the NMDA channel, stopping the flow of Ca2+. 

a) As [Ca2+] falls, the K+ channels close, resetting the membrane for another 
oscillation.



In addition to building an oscillator/pacemaker out of 
single cells (and coupled single cells), you can also build 
an oscillator out of a network of cells.

The lamprey does this as well as make use of the single-
cell oscillator.

Best model for the network method: leech



Meet Hirudo medicinalis (or the medicinal leech)

Relatively few large neurons



Box 16B(1)  Locomotion in the Leech and the Lamprey



Rhythmic Swimming Motion

To swim, a wave of 
contraction moves down the 
leech.

At any one point on the 
leech, there is sequential 
contraction of dorsal 
muscles then ventral then 
dorsal, etc.

For example: dot 2 (from left) is 
down (dorsal contracted, 
ventral relaxed) in panel 5 and 
up (dorsal relaxed, ventral 
contracted) in panel 9.



Controlling alternating dorsal/ventral contractions : 
alternately excite dorsal and ventral muscles
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Ventral Muscle

CPG
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When one of the stumps is stimulated, this 
phenomenon is observed, even after the 
stimulation has been stopped.

Stimulus

D stump

V stump



Box 16B(1)  Locomotion in the Leech and the Lamprey (Part 2)



• 4 bilateral pairs of 
neurons on the dorsal 
aspect of the segmental 
ganglia.

• Depolarizing current 
injected into any one 
resets the phase of its 
own activity cycle.

33 123

28

27

Reciprocal Inhibition

Only 4 neurons are responsible for this pattern in the leech

neurons # 27, 28, 33,123



4

1

3 2

Simplified Model: (neurons have been renamed as 1,2,3, and 4, for simplicity)

N = neuron

N4 supplies excitatory drive to 
start-up network

N1 is activated first

Activated N1 inhibits N3 (when it’s 
active it puts an inhibition on N2)

Inhibited N3 removes inhibition from N2

Activated N2 inhibits N1

Inhibited N1 removes inhibition from N3

Activated N3 inhibits N2

Inhibited N2 removes inhibition from N1

Note: when these neurons are active, 
they inhibit.  Thus when a neuron is 
not active, it takes away inhibition (in 
other words, it activates)



So – a very small amount of neural hardware can build an 
extremely useful mechanism.

Sensory 
Input

Decision Command 
System

CPG 3CPG 2CPG 1 CPG 4 CPG 5…

Sensory information allows the leech to determine 
which (out of many available) CPGs to activate.



CPGs activate muscles in correct 
sequence.

Some CPGs are spontaneously active 
(breathing) but controllable.

Other CPGs turned on as necessary by 
brainstem motor nuclei. Nuclei turned on 
by descending tracts. 

Turn on: Level & duration of activity, but 
also modulated by feedback.

CPGs only well understood in 
invertebrates!

CPGs in vertebrates too



Figure 16.15  Central pattern generators in terrestrial mammals



Figure 16.15  Central pattern generators in terrestrial mammals (Part 3)



Figure 16.1  Overall organization of neural structures that control movement



Figure 16.1  Overall organization of neural structures that control movement



Hypothalamus: nuclei to initiate eating & drinking
Spinal cord: CPGs for locomotion, protective reflexes
Brain stem: CPGs for breathing, chewing, swallowing, eye saccades

Hungry? Activate CPG for locomotion (go to food), then eating, then 
chewing, then swallowing (a motor sequence hierarchy).



Voluntary motor activity is initiated in the cortex, but there are other brain 
regions that also can initiate activity:

Example: Hypothalamus processes sensory info about thirst and can 
initiate searching � activate motor programs for locomotion.

Cortex only decides what it wants and perhaps what body parts must 
move to achieve that. 

Example: I want the red fruit not the green one. The red fruit is at the
upper left and the green at the upper right. So cortex will activate the 
motor map for the arm to reach to the upper left. Only an animal with a 
functional cortex can do that.

Example: The upper left branch broke and is moving toward me. I need 
to activate my arm and reach to the upper left to protect my face. This 
does not require the cortex.



Chapter 17



Figure 17.1  Overview of descending motor control (Part 2)



Who drives � -motor neurons?
Ans: multiple descending pathways or 

tracts:

1. tectospinal = colliculospinal (from 
superior colliculus) pathway

2. corticospinal pathway (incl L & A 
tracts)

3. reticulospinal (reticular formation) 
pathway

4. vestibulospinal (vestibular nuclei) 
pathway

Note: Pathway names are start-end, so 
tectospinal means a  pathway that starts 
in the tectum and ends in the spinal cord.



1. Tectospinal/Colliculospinal tract

Originates in superior colliculus, a visual center (= optic 
tectum in fish � birds). Receives retinal input, but also 
somatosensory and auditory input.

Builds a body space map using sensory input and 
controls an orienting response to direct gaze.



optic tectum �superior 
colliculus

So tectospinal
= colliculospinal



2. Corticospinal tract: stay tuned – coming up in just a bit



3. Reticulospinal: from brainstem reticular formation. 

Enhances anti-gravity reflexes of spinal cord.

Two branches: 
a. pontine reticulospinal
b. medullary reticulospinal.

Pontine pathway active -- lower limb extensors operate to 
maintain posture re: gravity.

Medullary pathway active -- release from anti-gravity reflex.

Note: the cortex has a lot to say about balancing the activity 
in these pathways!





Box 17A  The Reticular Formation



Figure 17.3  The location of the reticular formation



4. Vestibulospinal pathways

Keeps head positioned as body moves, and also operates 
leg extensors for posture.





Figure 17.4  Anticipatory maintenance of body posture



Figure 17.5  Feedforward and feedback mechanisms of postural control



Figure 17.6  Indirect pathways from the motor cortex to the spinal cord

Indirect control of spinal cord via 
brainstem/reticular formation. 

So this control path for cortex is via 
reticulospinal pathways

Function: Influence/override reflexes; 
gross limb control.



2. corticospinal

Descending (from cortex) control of reticulospinal
pathway – e.g. for antigravity release.



In addition to the indirect cortical path, there is 
a direct path for precise, quick, skilled motor 
function.



Figure 17.9  The corticospinal and corticobulbar tracts

Direct upper motor pathway to spinal cord



Corticospinal tract (also called pyramidal tract ‘cuz fibers bundle up to 
make pyramids; not because of pyramidal neurons)

Glutaminergic neurons, excitatory on motorneurons and on inhibitory 
interneurons. The interneurons then release glycine on motoneurons.

Corticobulbar tract

Some cranial nerve nuclei receive innervation from both cortical 
hemispheres � control muscles that cannot be operated independently on 
the left/right side. For example the larynx.

Corticotectal tract (not shown on previous diagram)

Also eye muscle control (with corticobulbar). Cortex � superior colliculus
� reticular formation (pons) � oculomotor nuclei (via medial longitudinal 
fasciculus).



Direct pathway from cortex to spinal cord:

90% to lateral tract:

Most to interneurons but some used for speed an agility of 
voluntary movement, especially control of hands and fingers. 
Direct control to � -motoneurons.

10% to ventral/anterior corticospinal tract:

Control of axial and proximal limbs.



Figure 17.7  The primary motor cortex and the premotor area

Where upper motor neurons 
come from…



Figure 17.10  Topographic map of movement in the primary motor cortex





Figure 17.11  The influence of single cortical upper motor neurons on muscle activity (Part 1)

Clever method to learn 
what muscles a single 
cortical neuron 
influences.

Spike-triggered signal 
averaging detects 
extremely small 
signals buried in noise.



Figure 17.11  The influence of single cortical upper motor neurons on muscle activity (Part 2)



Every time neuron x fires, you get an EMG in muscles 2, 59, 
81.

Every time neuron y fires, you get an EMG in muscles 13, 
44, 47, 60.

…

The important finding is that cortical neurons do not control 
muscles per se, they control functions/movements! Each 
cortical neuron controls a movement field.



Figure 17.12  Purposeful movements resulting from prolonged microstimulation of the primary 
motor cortex

Single neurons or small groups control a set of muscles 
for a useful movement, including the pattern generators 
for the correct sequence of muscle activation.



Figure 17.13  Directional tuning of an upper motor neuron in the primary motor cortex (Part 1)

Monkey gets visual signal (button lights up) that tells it where to 
move the lever. Since the monkey can do this with great 
precision, you would expect to record from cortical neurons that
are tuned to exact directions. With a large population of such 
neurons, each direction can be specified.



Figure 17.13  Directional tuning of an upper motor neuron in the primary motor cortex (Part 2)

Here is one neuron that responds best at 180°, but it responds 
pretty well at 135°and 225°too.

In fact, all 
neurons 
are broadly 
tuned!



Figure 17.13  Directional tuning of an upper motor neuron in the primary motor cortex (Part 3)



Figure 17.13  Directional tuning of an upper motor neuron in the primary motor cortex (Part 4)

The answer is that 
the convergence of 
many cortical cells 
onto downstream 
neurons provides 
the mathematical 
result of calculating 
the mean population 
vector, which is a 
very precise result.



Figure 17.14  Divisions of the motor cortex in the macaque monkey brain

Premotor: 
intention to 
perform a motion

Who talks to motor cortex?



Figure 17.15  Mirror motor neuron activity in a ventral-anterior sector of the lateral premotor cortex 
(Part 1)



Figure 17.15  Mirror motor neuron activity in a ventral-anterior sector of the lateral premotor cortex 
(Part 2)



Figure 17.15  Mirror motor neuron activity in a ventral-anterior sector of the lateral premotor cortex 
(Part 3)




