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CHAPTER 13

SPINAL CONTROL OF MOVEMENT

¥ INTRODUCTION

We are now ready to turn our attention to the system that actually gives
to behavior. The motor system consists of all our muscles and the neus
that control them. The importance of the motor system was summari
by the pioneering English neurophysiologist Charles Sherrington in’
Linacre lecture of 1924: “To move things is all that mankind can do . ..
such the sole executant is muscle, whether in whispering a syllable o
felling a forest” (p. 59). A moment’s thought will convince you that{
motor system is also incredibly complex. Behavior requires the coordina
action of various combinations of almost 700 muscles in a changing ¢
often unpredictable environment.

Have you ever heard the expression “running around like a chicken#
its head cut off"? It is based on the observation that complex patterns
behavior (running around the barnyard) can be generated without
participation of the brain. There is a considerable amount of circuitry wi
the spinal cord for the coordinated control of movements, particulz
stereotyped (repetitive) ones such as those associated with locomotion.
point was established early in this century by Sherrington and his Eng
contemporary Graham Brown, who showed that rhythmic moveme
could be elicited in the hind legs of cats and dogs long after their
cords had been severed from the rest of the central nervous system (Cl
Today’s view is that the spinal cord contains certain mofor programs ford
generation of coordinated movements and that these programs are:
cessed, executed, and modified by descending commands from the bra
Thus, motor control can be divided into two parts: (1) the spinal cor
command and control of coordinated muscle contraction, and (2) the brai
command and control of the motor programs in the spinal cord.

In this chapter, we explore the peripheral somatic motor system: {
joints, skeletal muscles, and spinal motor neurons and how they comm
nicate with each other. In Chapter 14, we will take a look at how the bz
influences the activity of the spinal cord.

¥ THE SOMATIC MOTOR SYSTEM

Based on their appearance under the microscope, the muscles in the body &
be described according to two broad categories: striated and smooth. But
are also distinct in other ways. Smooth muscle lines the digestive tract, :
teries, and related structures and is innervated by nerve fibers from the a
nomic nervous system (see Chapter 15). Smooth muscle plays a role in
stalsis (the movement of material through the intestines) and the contro
blood pressure and blood flow. There are two types of striated muscle: @
diac and skeletal. Cardiac muscle is heart muscle, and it contracts rhythm
cally even in the absence of any innervation. Innervation of the heart fro
the autonomic nervous system (ANS) functions to accelerate or slow dow
the heart rate. (Recall Otto Loewi’s experiment in Chapter 5.)

Skeletal muscle constitutes the bulk of the muscle mass of the bot
and functions to move bones around joints, to move the eyes within tf
head, to control respiration, to control facial expression, and to produd
speech. Each skeletal muscle is enclosed in a connective tissue sheath tha
at the ends of the muscle, forms the tendons. Within each muscle a
hundreds of muscle fibers—the cells of skeletal muscle—and each fiber!
innervated by a single axon branch from the CNS (Figure 13.1). Becaus
skeletal muscle is derived embryologically from 33 paired somites
Chapter 7), these muscles, and the parts of the nervous system that con
trol them, are collectively called the somatic motor system. We focus oui
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FIGURE 13.1

The structure of skeletal muscle.
Each muscle fiber is innervated by a single
axon.

Axons from CNS

Muscle
(biceps)

0 on this system because it is under voluntary control and it gen-
havior. (The visceral motor system of the ANS will be discussed in
)

the elbow joint (Figure 13.2). This joint is formed where the
the upper arm bone, is bound by fibrous ligaments to the radius
3, the bones of the lower arm. The joint functions like a hinge on
‘knife. Movement in the direction that closes the knife is called
‘and movement in the direction that opens the knife is called
on. The major muscle that causes flexion is the brachialis, whose
nsert into the humerus at one end and into the ulna at the other.

Humerus

Biceps brachii Flexion

Brachialis

FIGURE 13.2

Major muscles of the elbow joint.
The biceps and triceps are antagonistic
muscles. Contraction of the biceps causes
flexion, and contraction of the triceps

Extension causes extension of the elbow.
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Two other muscles cause flexion at this joint, the biceps brachii and
coracobrachialis (which lies under the biceps). Together, these muscles,
called flexors of the elbow joint, and, because the three muscles all w
together, they are called synergists of one another. The two synergi
muscles that cause extension of the elbow joint are the triceps bra
and the anconeus; these two muscles are called extensors. Because
flexors and extensors pull on the joint in opposite directions, they are ¢l
antagonists to one another. Note that muscles only pull on a joint;
cannot push. Even the simple flexion of the elbow joint requires th
ordinated contraction of the synergistic flexor muscles and the relaxation
the antagonistic extensor muscles. By relaxing the antagonists, moveme
are faster and more efficient because muscles are not working against |
another.

Other terms to note about somatic musculature refer to the location
the joints they act on. The muscles that are responsible for movement
the trunk are called axial muscles; those that move the shoulder, e
pelvis, and knee are called proximal (or girdle) muscles; and thoset
move the hands, feet, and digits (fingers and toes) are called distal musc
The axial musculature is very important for maintaining posture,
proximal musculature is critical for locomotion, and the distal musculatl
particularly of the hands, is specialized for the manipulation of objects.

¥ THE LOWER MOTOR NEURON

The somatic musculature is innervated by the somatic motor neurons in!
ventral horn of the spinal cord (Figure 13.3). These cells are sometimes
lower motor neurons to distinguish them from the higher-order upper |
neurons of the brain that supply input to the spinal cord. Remember, only
lower motor neurons directly command muscle contraction. Sherri
called these neurons the final common pathway for the control of behayw

The Segmental Organization of Lower Motor Neuron:

The axons of lower motor neurons bundle together to form venti
each ventral root joins with a dorsal root to form a spinal nerve

e

’_,/‘\ ey o __/'
& /’/ 4 B )
/* / Ventral -
/ root Ventral
i Lower hoth
L Mixed motor
spinal Muscle neurons

5 nerve fiber

FIGURE 13.3 |
Muscle innervation by lower motor neurons. The ventral horn of the $i
contains motor neurons that innervate skeletal muscle fibers.
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Ventral
horn

GURE 13.4
he distribution of motor neurons in the spinal cord. The cervical
argement of the spinal cord contains the motor neurons that innervate
muscles. The lumbar enlargement contains neurons that innervate
Emuscles of the leg,

e cord through the notches between vertebrae. Recall from Chapter 12
at there are as many spinal nerves as there are notches between vertebrae;
humans, this adds up to 30 on each side. Because they contain sensory
nd motor fibers, they are called mixed spinal nerves. The motor neurons that
ide fibers to one spinal nerve are said to belong to a spinal segment,
med for the vertebra where the nerve originates. The segments are
ervical (C) 1-8, thoracic (T) 1-12, lumbar (1) 1-5, and sacral (S) 1-5 (see
e 12.10).

Skeletal muscles are not distributed evenly throughout the body, nor
lower motor neurons distributed evenly within the spinal cord. For
mple, innervation of the more than 50 muscles of the arm originates
ely from spinal segments C3-Tl. Thus, in this region of the spinal
, the ventral horns appear swollen to accommodate the large num-
r of motor neurons that control the arm musculature (Figure 13.4).
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Ventral
horn

Dorsal
A

Y
Ventral

Medial «—— > Lateral

FIGURE 13.5

The distribution of lower motor
neurons in the ventral horn. Motor
neurons controlling flexors lie dorsal to
those controlling extensors. Motor neurons
controlling axial muscles lie medial to those
controlling distal muscles.

Similarly, spinal segments LI-S3 have a swollen ventral horn because
is where the motor neurons controlling the leg musculature reside. T
we can see that the motor neurons that innervate distal and prox
musculature are found mainly in the cervical and lumbar-sacral segn
of the spinal cord, whereas those innervating axial musculature are fo
at all levels.

The lower motor neurons are also distributed within the ventral hon
each spinal segment in a predictable way, depending on their function.
cells innervating the axial muscles are medial to those innervatin
distal muscles, and the cells innervating flexors are dorsal to those i
vating extensors (Figure 13.5).

Alpha Motor Neurons

There are two categories of lower motor neurons of the spinal cord: alj
motor neurons and gamma motor neurons (the latter are discussed late
this chapter). Alpha motor neurons directly trigger the generatior
force by muscles. One alpha motor neuron and all the muscle fibe
innervates collectively make up the elementary component of motor
trol; Sherrington called it the motor unit. Muscle contraction results
the individual and combined actions of these motor units. The colle
of alpha motor neurons that innervates a single muscle (e.g., the bi
brachii) is called a motor neuron pool (Figure 13.6).

Graded Control of Muscle Contraction by Alpha Motor Neuror
is important to exert just the right amount of force during movements
much, and you’ll crush the egg vou just picked up, while also wa
metabolic energy. Too little, and you may lose the swim race. Most ¢
movements we make, such as walking, talking, and writing, require
weak muscle contractions. Now and then we need to jog or lift a
books, and stronger contractions are necessary. We reserve the m
contraction force of our muscles for rare events, such as competitive sp
ing or scrambling up a tree to escape a charging bear. The nervous sy
uses several mechanisms to control the force of muscle contraction
finely graded fashion.

The first way the CNS controls muscle contraction is by varying thef
rate of motor neurons. An alpha motor neuron communicates wi
muscle fiber by releasing the neurotransmitter acetylcholine (ACh) a
neuromuscular junction, the specialized synapse between a nerve @
skeletal muscle (see Chapter 5). Because of the high reliability of ns
muscular transmission, the ACh released in response to one presy
action potential causes an excitatory postsynaptic potential (EPSP) in
muscle fiber (sometimes also called an endplate potential) large enoug
trigger one postsynaptic action potential. By mechanisms we will dif
in a moment, a postsynaptic action potential causes a twitch—a rapil
quence of contraction and relaxation—in the muscle fiber. A sust
contraction requires a continual barrage of action potentials. Hi
quency presynaptic activity causes temporal summation of the pe
naptic responses, as it does for other types of synaptic transmission. T
summation increases the tension in the muscle fibers and smoaothe
contraction (Figure 13.7). The rate of firing of motor units is ther
one important way the CNS grades muscle contraction.

A second way the CNS grades muscle contraction is by recruiting a
tional synergistic motor units. The extra tension provided by the
ment of an active motor unit depends on how many muscle fibers
that unit. In the antigravity muscles of the leg (muscles that oppos



¢ of gravity when standing upright), each motor unit tends to be quite
¢, with an innervation ratio of more than 1000 muscle fibers per single
a motor neuron. In contrast, the smaller muscles that control the
yement of the fingers and the rotation of the eyes are characterized by
h smaller innervation ratios, as few as three muscle tibers per alpha
or neuron. In general, muscles with a large number of small motor
s can be more finely controlled by the CNS.

ost muscles have a range of motor unit sizes, and these motor units are
iited in the order of smallest first, largest last. This orderly recruitment
ains why finer control is possible when muscles are under light loads
lwhen they are under greater loads. Small motor units have small alpha

Record motor
neuron activity

W’ Measure muscle contraction

contraction 5Hz

Force —

neuron activity

| | | |

| I I |

potentials recorded extracellularly

20 Hz 40 Hz

Force —»

JRE 13.7
m muscle twitch to sustained contraction. (a) A single action potential in an alpha
oF neuron causes the muscle fiber to twitch. (b) The summation of twitches causes a
dned contraction as the number and frequency of incoming action potentials increase.
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Alpha
motor
neuron

Motor
( unit

[ N
: »— Motor
; **? \ neuron
L ! J

. f .f

(b)

FIGURE 13.6

A motor unit and motor neuron pool.
(@) A motor unit is an alpha motor neuron
and all the muscle fibers it innervates. (b) A
motor neurcn pool is all the alpha motor
neurons that innervate one muscle.
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Input from spinal Sensory input
interneurons from muscle
spindles

Input from
upper motor
neurons in

. the brain

Alpha motor
neuron

FIGURE 3.8
An alpha motor neuron and its three
sources of input.

motor neurons, and large motor units have large alpha motor neui
Thus, one way that orderly recruitment might occur is if small neuron:
a consequence of the geometry of their soma and dendrites, were m
easily excited by signals descending from the brain. The idea that the on
recruitment of motor neurons is due to variations in alpha motor n
size, tirst proposed in the late 1950s by Harvard University neurophysi
gist Elwood Henneman, is called the size principle.

Inputs to Alpha Motor Neurons. Alpha motor neurons excite skel
muscles. Therefore, to understand the control of muscles, we must
stand what regulates motor neurons. Lower motor neurons are control
by synaptic inputs in the ventral horn. There are only three major sou
input to an alpha motor neuron, as shown in Figure 13.8. The first sourd
dorsal root ganglion cells with axons that innervate a specialized sens
apparatus embedded within the muscle known as a muscle spindle.
shall see, this input provides feedback about muscle length. The s
source of input to an alpha motor neuron derives from upper motor ne
in the motor cortex and brain stem. This input is important for thei
tion and control of voluntary movement and will be discussed in mo
tail in Chapter 14. The third and largest input to an alpha motor ne
derives from interneurons in the spinal cord. This input may be exd
or inhibitory and is part of the circuitry that generates the spinal
programs.

Types of Motor Units

If you have ever eaten different parts of chicken, you know that ng
muscle is the same; the leg has dark meat and the breast and wing
white meat. The different appearance, and taste, of the various musd
due to the biochemistry of the constituent muscle fibers. The red |
muscle fibers are characterized by a large number of mitochondria anl
zymes specialized for oxidative energy metabolism. These fibers are!
tively slow to contract but can sustain contraction for a long time wit
fatigue. They are typically found in the antigravity muscles of the leg
in the flight muscles of birds that fly (as opposed to domesticated chid
In contrast, the pale (white) muscle fibers contain fewer mitochondria
rely mainly on anaerobic (without oxygen) metabolism. These fib
tract rapidly and powerfully, but they also fatigue rapidly. They are &
of muscles involved in escape reflexes; for example, the jumping mi
of frogs and rabbits. In humans, the arm muscles contain a large nu
of white fibers.

Even though both types of muscle fiber can (and usually do) cal
in a given muscle, each motor unit contains muscle fibers of only
gle type. Thus, fast motor units contain rapidly fatiguing whit
and slow motor units contain slowly fatiguing red fibers. Jus
muscle fibers of the two types of units differ, so do many of the
ties of alpha motor neurons. For example, the motor neurons
units are generally bigger and have larger-diameter, faster-condu
axons; slow units have smaller-diameter, more slowly conducting a
The firing properties of the two types of motor neuron also differ
motor neurons tend to generate occasional high-frequency bursts o
potentials (30-60 impulses per second), whereas slow motor neu
characterized by relatively steady, low-frequency activity (10-20 imj
per second). :



-innervation experiment. Forcing slow motor neurons to innervate a fast
uses the muscle to switch to assume slow properties.

omuscular Matchmaking. The precise matching of particular motor
ns to particular muscle fibers raises an interesting question. Because
e been talking about chickens, let’s pose the question this way: Which
¢ first, the muscle fiber or the motor neuron? Perhaps during early
nic development there is a matching of the appropriate axons with
ropriate muscle fibers. Alternatively, we could imagine that the
of the muscle are determined solely by the type of innervation
it receives a synaptic contact from a fast motor neuron, it becomes
ber, and vice versa for slow units.

uestion was addressed in an experiment by John Eccles and his
agues in which the normal innervation of a fast muscle was removed
eplaced with a nerve that normally innervated a slow muscle (Figure
This procedure resulted in the muscle’s acquiring slow properties,
¢ not only the type of contraction (slow, fatigue-resistant), but also
h in much of the underlying biochemistry. This change is referred to
itch of muscle phenotype—its physical characteristics—because the
proteins expressed by the muscle were altered by the new inner-
Work by Terje Lemo and his colleagues in Norway suggests that this
L in muscle phenotype can be induced simply by changing the activ-
i the motor neuron from a fast pattern (occasional bursts at 30-60
ilses per second) to a slow pattern (steady activity at 10-20 impulses
cond). These findings are particularly interesting because they raise
ssibility that newurons switch phenotype as a consequence of synaptic
ity (experience) and that this may be a basis for learning and memory
hapters 24 and 25).

ides the alterations imposed by patterns of motor neuron activity,
¢ fibers are also changed simply by varying the absolute amount of
A long-term consequence of increased activity (especially due to
ric exercise) is hypertrophy, or exaggerated growth, of the muscle
s seen in bodybuilders. Conversely, prolonged inactivity leads to at-
), or degeneration, of muscle fibers, which can happen when joints are
pbilized in a cast following an injury. Clearly, there is an intimate re-
ip between the lower motor neuron and the muscle fibers it in-
les (Box 13.1).

¥ THE LOWER MOTOR NEURON
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P
« 2

Amyotrophic lateral sclerosis (ALS) is an especially cruel disease
that was first described in 1869 by the French neurolo-
gist Jean-Martin Charcot. The initial signs of the disease
are muscle weakness and atrophy. Usually over the course
of |-5 years, all voluntary movement is lost—walking,
speaking, swallowing, and breathing gradually deteriorate.
Death is usually caused by failure of the respiratory
muscles. Because the disease does not affect sensations,
intellect, or cognitive function, patients are left to watch
their bodies slowly waste away, keenly aware of what is
happening. The disease is relatively rare, afflicting one out
of approximately every 20,000 individuals. Still, an esti-
mated 30,000 Americans are currently diagnosed with
ALS. lts most famous victim was Lou Gehrig, a star base-
ball player with the New York Yankees, who died of ALS
in 1936. In the United States, ALS is often called Lou
Gehrig's disease.

Muscle weakness and paralysis are characteristics of
motor unit damage. Indeed, the pathology associated with
ALS is the degeneration of the large alpha motor neurons.
The large neurons of the motor cortex that innervate
alpha motor neurons are also affected, but, curiously,
other neurons in the CNS are spared. The selective
damage to motor neurons explains the selective loss of
motor functions in ALS patients.

The exact cause of ALS is unknown, but a few clues have
emerged. A small percentage of ALS cases are genetic, and
screens for the defective gene have pointed to a mutation
affecting the enzyme superoxide dismutase. A toxic by-
product of cellular metabolism is the negatively charged
molecule O, called the superoxide radical. Superoxide
radicals are extremely reactive and can inflict irreversible
cellular damage. Superoxide dismutase is a key enzyme
that causes superoxide radicals to lose their extra elec-
trons, converting them back to oxygen. Thus, the loss of

¥ EXCITATION-CONTRACTION COUPLING

As we said, muscle contraction is initiated by the release of ACh fromd
axon terminals of alpha motor neurons. ACh produces a large EPSP in|
postsynaptic membrane due to the activation of nicotinic ACh recepi
Because the membrane of the muscle cell contains voltage-gated sodi
channels, this EPSP is sufficient to evoke an action potential in the mus
fiber. By the process of excitation-contraction coupling, this acii

Box 13.1 ‘ . OF SPECIAL INTEREST

ﬂ Amyotrophic Lateral Sclerosis

superoxide dismutase would lead to a buildup of super-
oxide radicals and cellular damage, particularly in cells
that are metabolically very active. The death of motor
neurons seems to depend on the glial cells that surround
them. Research has also revealed that mutations of sev-
eral other genes can cause rare forms of ALS.

Another suspected cause of ALS is excitotoxicity. As
we learned in Chapter 6, overstimulation by the excita-
tory neurotransmitter glutamate and closely related amino
acids can cause the death of otherwise normal neurons
(see Box 6.2). Many ALS patients have elevated levels of
glutamate in their cerebrospinal fluid. Excitotoxicity has
been implicated in the unusually high incidence of ALS on
the island of Guam that occurred before World War Il. It
has been suggested that one environmental cause may
have been the ingestion of cycad nuts, which contain an
excitotoxic amino acid. In addition, research indicates that
a glutamate transporter may be defective in ALS, thereby!
prolonging the exposure of active neurons to extracellu-|
lar glutamate. Thus, the first drug approved by the US.
Food and Drug Administration for the treatment of ALS
was riluzole, a blocker of glutamate release. The drug
treatment can slow the disease by a few months, but
unfortunately the long-term outcome is the same.

There is still much to be learned about selective motor
neuron loss in ALS. However, the slow accumulation of
damage from the toxic by-products of cellular metabolism’
probably occurs in all neurons and contributes to neuronal
death over the lifespan of all people. But this loss of:
neurons may not be inevitable. Vitamins C and E read
ily accept electrons from superoxide radicals and can
neuroprotective. Dietary supplementation with th
vitamins may help retard the neuronal loss that occurs
in the brain as we grow older.

potential, the excitation, triggers the release of Ca?* from an organd
inside the muscle fiber, which leads to contraction of the fiber. Relaxal
occurs when the Ca2™ levels are lowered by reuptake into the organel
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understand this process, we must take a closer look at the muscle

le Fiber Structure

¢ structure of a muscle fiber is shown in Figure 13.10. Muscle fibers are

med early in fetal development by the fusion of muscle precursor cells,

myoblasts, which are derived from the mesoderm (see Chapter 7). This

ion leaves each cell with more than one cell nucleus, so individual

scle cells are said to be multinucleated. The fusion elongates the cells

nce the name fiber). Muscle fibers are enclosed by an excitable cell

mbrane called the sarcolemma.

Vithin the muscle fiber are a number of cylindrical structures called

ofibrils, which contract in response to an action potential sweeping
yn the sarcolemma. Myofibrils are surrounded by the sarcoplasmic
jculum (SR), an extensive intracellular sac that stores Ca2* (similar in
pearance to the smooth ER of neurons; see Chapter 2). Action potentials
eeping along the sarcolemma gain access to the sarcoplasmic reticulum
ep inside the fiber by way of a network of tunnels called T tubules
for transverse). These are like inside-out axons; the lumen of each T
bule is continuous with the extracellular fluid.

Where the T tubule comes in close apposition to the SR, there is a spe-
lized coupling of the proteins in the two membranes. A voltage-sensitive
ster of four calcium channels, called a fetrad, in the T tubule membrane
inked to a calcium release channel in the SR. As illustrated in Figure 13.11,
e artival of an action potential in the T tubule membrane causes a con-
mational change in the voltage-sensitive tetrad of channels, which opens
e calcium release channel in the SR membrane. Some Ca?* flows through
tetrad channels, and even more Ca?™ flows through the calcium release
nnel, and the resulting increase in free Ca?* within the cytosol causes
e myofibril to contract.

Mitochondria Myofibrils

Sarcoplasmic
reticulum

Openings of
T tubules

Sarcolemma

SURE 13.10
e structure of a muscle fiber. T tubules conduct electrical activity from the surface
émbrane into the depths of the muscle fiber.
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FIGURE 13.11

The release of Ca?* from the sarco-
plasmic reticulum. Depolarization of the
T tubule membrane causes conformational
changes in proteins that are linked to calcium
channels in the SR, releasing stored Ca?* into
the cytosol of the muscle fiber

Zline

r Sarcomere

Zline

FIGURE 13.12
The myofibril: a closer look.

Muscle fiber

" Myofibril
| e Sarcoplasmic

reticulum

| _——T tubule

/

Sarcolemma

Inside of SR

Cut edge of SR
membrane

Calcium
release
channel

Cytosol of
muscle fiber

Cut edge of
T tubule
membrane
Tetrad of
calcium
channels

Inside of
T tubule

Rest Depolarized

The Molecular Basis of Muscle Contraction

A closer look at the myofibril reveals how Ca?* triggers contraction (F
ure 13.12). The myofibril is divided into segments by disks called Z lir
(named for their appearance when viewed from the side). A segment
prised of two Z lines and the myofibril in between is called a sarcom
Anchored to each side of the Z lines is a series of bristles called thin f
ments. The thin filaments from adjacent Z lines face one another bul
not come in contact. Between and among the two sets of thin filame
a series of fibers called thick filaments. Muscle contraction occurs
the thin filaments slide along the thick filaments, bringing adjacent Z li
toward one another. In other words, the sarcomere becomes shorte
length. This sliding-filament model of sarcomere shortening is shows
Figure 13.13.

The sliding of the filaments with respect to one another occurs bec
of the interaction between the major thick filament protein, myosin,
the major thin filament protein, actin. The exposed “heads” of the my
molecules bind actin molecules and then undergo a conformational
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C a2+

Fully relaxed

3 Fully contracted

lcauses them to pivot (Figure 13.14). This pivoting causes the thick fil-
i to move with respect to the thin filament. At the expense of ATP,
myosin heads then disengage and “uncock” so that the process can re-
itself. Repeating this cycle enables the myosin heads to “walk” along
filament.

the muscle is at rest, myosin cannot interact with actin because
myosin attachment sites on the actin molecule are covered by the pro-
L troponin. Ca®™ initiates muscle contraction by binding to troponin,
y exposing the sites where myosin binds to actin. Contraction con-
as long as Ca®* and ATP are available; relaxation occurs when the
s sequestered by the sarcoplasmic reticulum. The reuptake of Ca2*
SR depends on the action of a. calcium pump and hence also re-
ATP.

FIGURE 13.13

The sliding-filament model of muscle
contraction. Myofibrils shorten when the
thin filaments slide toward one another on

the thick filaments.
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FIGURE 13.14

The molecular basis of muscle
contraction. The binding of Ca’™ to
troponin allows the myosin heads to bind
to the actin filament. Then the myosin heads
pivot, causing the filaments to slide with
respect to one another.

Actin

ﬁ filament\g

(i a2+

N

A

Troponin

i . . N

Excitation

1. An action potential occurs in an alpha motor neuron axon.

2. ACh is released by the axon terminal of the alpha motor neuron a
neuromuscular junction.

3. Nicotinic receptor channels in the sarcolemma open, and the posisy
tic sarcolemma depolarizes (EPSP).

4. Voltage-gated sodium channels open, and an action potential is geng
in the muscle fiber, which sweeps down the sarcolemma and into t
tubules.

5. Depolarization of the T tubules causes Ca®™ release from the sarcy)
mic reticulum.

Contraction

1. Ca?* binds to troponin.
. Myosin binding sites on actin are exposed.
. Myosin heads bind actin.

2

3

4. Myosin heads pivot.

5. Myosin heads disengage at the expense of ATP.
6

. The cycle continues as long as Ca®t and ATP are present.

Relaxation

1. As EPSPs end, the sarcolemma and T tubules return to their rest
potentials.

2. Ca?* is sequestered by the sarcoplasmic reticulum by an ATP-dri
pump.
3. Myosin binding sites on actin are covered by troponin.

You can now understand why death causes stiffening of the muscles
condition known as rigor mortis. Starving the muscle cells of ATP prevel
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Box 13.2 ‘

o
'Muscular dystrophy describes a group of inherited dis-
orders, all of which are characterized by progressive weak-
ness and deterioration of muscle.The most common type,
Duchenne muscular dystrophy, afflicts about one in 3500
boys before adolescence. The disease is first detected as
a weakness of the legs and usually puts its victims in
wheelchairs by the time they reach age |12.The disease
continues to progress, and afflicted males typically do not
survive past the age of 30.

The characteristic hereditary pattern of this disease,
which afflicts only males but is passed on from their
mothers, led to a search for a defective gene on the X
' chromosome. Major breakthroughs came in the late 1980s
when the defective region of the X chromosome was
identified. Researchers discovered that this region con-
rains the gene for the cytoskeletal protein dystrophin.
' Boys with Duchenne muscular dystrophy lack the mRNA
encoding this protein. A milder form of the disease, called
Becker muscular dystrophy, was found to be associated
with an altered mRNA encoding only a portion of the
dystrophin protein.

Dystrophin is a large protein that contributes to the mus-
cle cytoskeleton lying just under the sarcolemma. The pro-
tein must not be strictly required for muscle contraction,
however, because movements in afflicted boys appear to be
normal during the first few years of life. Possibly the absence
of dystrophin leads to secondary changes in the contractile
apparatus, eventually resulting in muscle degeneration.
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Duchenne Muscular Dystrophy

Whatever the normal function of dystrophin ultimately
proves to be, it’s clear that our models of excitation-
contraction coupling are based on knowledge of only a
fraction of the proteins that are normally expressed by
neurons and muscle fibers. As we learn more about the
various proteins in the membrane and cytosol, we can
anticipate significant revisions of these models. It is inter-
esting to note that dystrophin is also concentrated in
axon terminals in the brain, where it might contribute to
excitation-secretion coupling.

Intensive efforts are now under way to find a strategy
for treating, or even curing, Duchenne muscular dystro-
phy by using some form of gene therapy. The essential
idea is to replace the defective dystrophin gene with an
artificial gene that replaces or mimics a normal dystrophin
gene. The biggest challenge is determining a way to get
the artificial gene into dystrophic muscle cells. One strat-
egy is to use specially engineered forms of viruses that
will carry the gene, infect muscle cells, and induce the
cells to express dystrophin. Another approach is to trans-
plant stem cells—immature cells that can grow and dif-
ferentiate into mature, normal muscle cells that express
dystrophin—into dystrophic muscles. Stem cell therapy
has been very promising when tested in mouse models of
muscular dystrophy. It is exciting to think that a devastat-
ing genetic disease such as Duchenne muscular dystrophy
might soon be treatable.

i detachment of the myosin heads and leaves the myosin attachment
es on the actin filaments exposed for binding. The end result is the for-
gion of permanent attachments between the thick and thin filaments.

ince the proposal of the sliding-filament model in 1954 by English phys-
logists Hugh Huxley and Andrew Huxley, there has been a tremendous
mount of progress in identifying the detailed molecular mechanisms of ex-
flalion-contraction coupling in muscle. This progress has resulted from a
mitidisciplinary approach to the problem, with critical contributions made
jthe use of electron microscopy, as well as biochemical and biophysical
kthods. The very recent application of molecular genetic techniques also
% added important new information to our understanding of muscle
nction, in both health and disease (Box 13.2).

ISPINAL CONTROL OF MOTOR UNITS

e've traced the action potentials sweeping down the axon of the alpha
wtor neuron and activating the neuromuscular junction, triggering the
mtraction of the muscle fibers in the motor unit. We’'ve also described
me of the devastating disease processes that affect motor neurons and
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The neuromuscular junction is an exceptionally reliable
synapse. A presynaptic action potential causes the con-
tents of hundreds of synaptic vesicles to be released into
the synaptic cleft. The liberated ACh molecules act at
densely packed nicotinic receptors in the postsynaptic
membrane, and the resulting EPSP is many times larger
than what is necessary to trigger an action potential, and
twitch, in the muscle fiber—normally, that is.

In a clinical condition called myasthenia gravis, released
ACh is far less effective, and neuromuscular transmission
often fails. The name is derived from the Greek for “se-
vere muscle weakness.” The disorder is characterized by
weakness and fatigability of voluntary muscles, typically in-
cluding the muscles of facial expression, and it can be fa-
tal if respiration is compromised. The disease is not com-
mon, striking about one in 10,000 people of all ages and
ethnic groups. An unusual feature of myasthenia gravis is
that the severity of the muscle weakness fluctuates, even
over the course of a single day.

Myasthenia gravis is an autoimmune disease. For reasons
we are only beginning to understand, the immune system

“ Myasthenia Gravis

INTEREST

of afflicted individuals generates antibodies against the
body’s own nicotinic ACh receptors.The antibodies bind to
the receptors, interfering with the normal actions of A
at the neuromuscular junctions. In addition, the binding of
antibodies to the receptors leads to secondary, degener-
ative changes in the structure of the neuromuscular junc-
tions that also make transmission much less efficient.

An effective treatment for myasthenia gravis is the ad-
ministration of drugs that inhibit the enzyme acetyk
cholinesterase (AChE). Recall from Chapters 5 and 6 that
AChE breaks down ACh in the synaptic cleft. In low doses,
ACHE inhibitors can strengthen neuromuscular transmis-
sion by prolonging the life of released ACh. But the ther-
apeutic window is narrow. As we saw in Box 5.5, too
much ACh in the cleft leads to desensitization of the re-
ceptors and a block of neuromuscular transmission.

Another common treatment for myasthenia gravis in-
volves suppression of the immune system, either with
drugs or by surgical removal of the thymus gland. If man-
aged carefully, the long-term prognosis is good for patients
with this disease of the neuromuscular junction.

muscles. The neuromuscular junction is vulnerable as well (Box 13.3), a
scientific detective work has helped us understand why (Box 13.4).

Now let’s explore how the activity of the motor neuron is itself
trolled. We begin with a discussion of the first source of synaptic input!
the alpha motor neuron introduced above—sensory feedback from ¢
muscles themselves.

Proprioception from Muscle Spindles

As we mentioned already, deep within most skeletal muscles are spe
ized structures called muscle spindles (Figure 13.15). A muscle spind
also called a strerch receptor, consists of several types of specialized skeld
muscle fibers contained in a fibrous capsule. The middle third of the capst
is swollen, giving the structure the shape for which it is named. In this mi
dle (equatorial) region, group Ia sensory axons wrap around the musd
tibers of the spindle. The spindles and their associated Ia axons, speciali
for the detection of changes in muscle length (stretch), are examples
proprioceptors. These receptors are a component of the somatic senst
system that is specialized for “body sense,” or proprioception (from i
Latin for “one’s own”), which informs us about how our body is position
and moving in space.

Recall from Chapter 12 that group I axons are the thickest myelinai
axons in the body, meaning that they conduct action potentials very 1
idly. Within this group, Ia axons are the largest and fastest. la axons eni
the spinal cord via the dorsal roots, branch repeatedly, and form excitato
synapses upon both interneurons and alpha motor neurons ot the veniz
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Group la sensory axons

Muscle
spindle

) / Fibrous —_ }

capsule

muscle spindle and its sensory innervation.

ms. The Ia inputs are also very powerful. Neurophysiologist Lorne
endell, working at Harvard with Henneman, was able to show that a
gle Ia axon synapses on virtually every alpha motor neuron in the pool
ating the same muscle that contains the spindle.

1e Myotatic Reflex. The function of this sensory input to the spinal cord
s first shown by Sherrington, who noted that when a muscle is pulled
it tends to pull back (contract). The fact that this myotatic reflex (myo
m the Greek for “muscle,” tatic from the Greek for “stretch”), sometimes
lled the stretch reflex, involves sensory feedback from the muscle was
pwn by cutting the dorsal roots. Even though the alpha motor neurons
e left intact, this procedure eliminated the stretch reflex and caused a
s of muscle tone. Sherrington deduced that the motor neurons must
eive a continual synaptic input from the muscles. Later work showed
t the discharge of Ia sensory axons is closely related to the length of the
iscle. As the muscle is stretched, the discharge rate goes up; as the
uscle is shortened and goes slack, the discharge rate goes down.

The Ia axon and the alpha motor neurons on which it synapses consti-
ie the monosynaptic myotatic reflex are—"monosynaptic” because only one
mapse separates the primary sensory input from the motor neuron out-
. Figure 13.16 shows how this reflex arc serves as an antigravity feed-
¢k loop. When a weight is placed on a muscle and the muscle starts to
ngthen, the muscle spindles are stretched. The stretching of the equato-
region of the spindle leads to depolarization of the Ia axon endings
e to the opening of mechanosensitive ion channels (see Chapter 12). The
ting increased action potential discharge of the Ia axons synaptically
larizes the alpha motor neurons, which respond by increasing their
ttion potential frequency. This causes the muscle to contract, thereby
prtening it.

he knee-jerk reflex is one example of the myotatic reflex. When your
tor taps the tendon beneath your kneecap, it stretches the quadriceps
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Alpha motor
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Weight added to muscle

Transient elongation of muscle
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Alpha motor neuron discharge shortens muscle

FIGURE 13.16
The myotatic reflex. This illustration shows the response of a la axon and a motor
neuron to the sudden addition of weight that stretches the muscle.

muscle of your thigh, which then reflexively contracts and causes yo
to extend (Figure 13.17). The knee-jerk reflex tests the intactness of
nerves and muscles in this reflex arc.

Gamma Motor Neurons

The muscle spindle contains modified skeletal muscle fibers within its fibr
capsule. These muscle fibers are called intrafusal fibers, to distingu
them from the more numerous extrafusal fibers that lie outside
spindle and form the bulk of the muscle. An important difference bety
the two types of muscle fibers is that only extrafusal fibers are inne;
by alpha motor neurons. Intrafusal fibers receive their motor inne
by another type of lower motor neuron called a gamma motor neu
(Figure 13.18).

Imagine a situation in which muscle contraction is commanded b
upper motor neuron. The alpha motor neurons respond, the ext




FIGURE 13.17

The knee-jerk reflex.
la axon

Quadriceps

ok

Gamma motor |
neuron
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ers contract, and the muscle shortens. The response of the muscle spindles
shown in Figure 13.19. If they went slack, the Ia axons would become

imma motor neurons are also activated. Gamma motor neurons innervate
e intrafusal muscle fiber at the two ends of the muscle spindle. Activation
these fibers causes a contraction of the two poles of the muscle spindle,
ereby pulling on the noncontractile equatorial region and keeping the Ia

atrafusal fibers

Intrafusal fibers

la axon
Activate Activate
alpha motor gamma motor
neuron neuron
r— —_—
Gamma motor

neuron axon

Alpha motor
neuron axon

(b) (c)

S

Extrafusal
muscle fibers

Intrafusal
muscle fibers

13.18

Alpha motor neurons, gamma motor neurons,
and the muscle fibers they innervate.

FIGURE 13.19

The function of gamma motor neurons.
(a) Activation of alpha motor neurons causes
the extrafusal muscle fibers to shorten. (b) If
the muscle spindle becomes slack, it goes “off
the air'" and no longer reports the length of
the muscle. (c) Activation of gamma motor
neurons causes the poles of the spindle to
contract, keeping it “on-the-air!”
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PATH OF DISCOVERY

By 1973, the physiological role of nicotinic ACh receptors
in neuromuscular transmission was clear. Several unlikely
animals proved to be critical for studying the biochem-
istry of the ACh receptor (AChR).The electric organs of
electric eels were a rich source of AChR protein, and la-
beling methods developed by Arthur Karlin and Jean-
Pierre Changeux were beginning to suggest that this trans-
mitter-gated ion channel is a protein. The « toxins in the
venoms of cobras and kraits, initially characterized by
C.Y. Lee, turned out to bind with great specificity and
affinity to the ACh binding site of ACh receptors. The
cobra toxin could be used as a very discriminating “bait”
to isolate AChRs from extracts of eel electric organs. In
this way, | was able to purify several milligrams of AChR
protein in a single step. This was a huge improvement on
the methods | had used when | was a graduate student.
It was a "Eureka!” moment to finally have in hand large
quantities of protein that would allow molecular studies
of a neurotransmitter receptor. However, it was still nec-
essary to prove that the purified protein was in fact the
physiologically significant ACh receptor. Methods for
cloning and expressing functional receptors were still a
long way off.

Jim Patrick and | reasoned that if antibodies to our
purified protein could block the functions of ACh recep-
tors in electric organ cells, it would prove that the pro-
tein was at least part of the AChR. When we immunized
rabbits with the protein, they became profoundly weak; this
suggested that the rabbits’ antibodies had cross-reacted
with AChRs in the rabbits’ own muscles and impaired
their neuromuscular transmission. This was another
“Eureka!” moment. One of my graduate school mentors,
Ed Lennox, had long before given me a paper by John
Simpson. In 1960, Simpson had proposed that myasthenia
gravis was caused by autoantibodies (antibodies a patient
produces to his own proteins) that inhibit ACh from
binding to its receptor. Originally, we were thinking about
using these autoantibodies as a way to identify the AChR
protein. Things came full circle when we found that puri-
fying ACh receptors allowed us to prove that the weak-
ness characteristic of myasthenia gravis was caused by
autoantibodies to AChRs.

Finding the Cause of
Myasthenia Gravis

by Jon M. Lindstrom

The autoantibodies do not impair neuromuscular trans-
mission in the most obvious way, by acting as antagonists.
of ACh. Instead, their primary effect is to decrease the
total number of AChRs by increasing the rate of receptor
destruction and by triggering degradation of the muscle
membrane. The pathological mechanisms that weakened
neuromuscular transmission in experimental autoimmune
myasthenia in rats and myasthenia gravis in humans were
discovered in collaboration with Vanda Lennon, Marjorie
Seybold, and Andy Engel. We developed an assay to quan-
tify antibodies against receptors in immunized animals and
measured the loss of ACh receptors from their muscles.
Using human muscle AChRs in the same assay provided a
diagnostic test for myasthenia gravis. Discovering the auto
immune nature of myasthenia gravis has led to new im-
munosuppressive therapies and strategies for treating
disease.

The autoimmune mechanism of myasthenia gravis has
parallels with other neurological diseases. Recently, inves:
tigators have found autoantibodies to other muscle and
nerve proteins that cause muscle weakness as well as
autoantibodies to the ACh receptors on neurons that im
pair transmission in the ANS.

Recently, revolutionary methods for gene cloning, ex:
pression mutagenesis, single channel recording, and crys
tallography have provided detailed insights into the struk
ture of ACh receptors and how they function. Nonethele
the answers to basic questions remain elusive: What i
ates the autoimmune response in myasthenia gravis! How
can we specifically suppress this response?

My pursuit of AChRs has led from snake venom toxins
to muscle-type ACh receptors in electric organs, to rev
elations about myasthenia gravis, to investigations
neuronal AChRs involved in addiction, to nicotine 2
neurodegenerative diseases. Nothing is more exciti
than “Eureka!” moments such as purifying a neurotrans
mitter receptor for the first time or unexpectedly finding
the cause of a disease. Each revelation leads to mo
questions. There can be a lot of work and frustra
between successes great and small. But, every now 2
then, you are rewarded with the fleeting cosmic rush o
discovery.




active. Notice that the activation of alpha and gamma motor neurons
iopposite effects on la output; alpha activation alone decreases Ia activity,
jle gamma activation alone increases Ia activity.

Recall from our discussion above that the monosynaptic myotatic reflex
tcan be viewed as a feedback loop. The principles of feedback control
tems are that a set point is determined (in this case, the desired muscle
gth), deviations from the set point are detected by a sensor (the Ia axon
lings), and deviations are compensated for by an effector system (alpha
tor neurons and extrafusal muscle fibers), returning the system to the
i point. Changing the activity of the gamma motor neurons changes
2 set point of the myotatic feedback loop. This circuit, gamma motor
uron — intrafusal muscle fiber — Ia afferent axon— alpha motor
pron — extrafusal muscle fibers, is sometimes called the gamma loop.
Alpha and gamma motor neurons are simultaneously activated by de-
nding commands from the brain. By regulating the set point of the my-
glic feedback loop, the gamma loop provides additional control of alpha
jtor neurons and muscle contraction.

oprioception from Golgi Tendon Organs

scle spindles are not the only source of proprioceptive inputs from the
scles. Another sensor in skeletal muscle is the Golgi tendon organ,
ich acts like a strain gauge; that is, it monitors muscle tension, or the force
tontraction. Golgi tendon organs are located at the junction of the
scle and the tendon and are innervated by group Ib sensory axons,
are slightly smaller than the Ia axons innervating the muscle spin-
s (Figure 13.20).

Lis important to note that while spindles are situated in parallel with the
scle fibers, Golgi tendon organs are situated in series (Figure 13.21). This
grent anatomical arrangement is what distinguishes the types of in-
tion these two sensors provide the spinal cord: Ia activity from the
e encodes muscle length information, while Ib activity from the Golgi
don organ encodes muscle tension information.

he Ib axons enter the spinal cord, branch repeatedly, and synapse on
erneurons in the ventral horn. Some of these interneurons form inhibitory

Action
potentials
—A
Ib axon Golgi tendon ibakon
organ
la axon faranxon
Muscle spindle Muscle spindle
Alpha motor
Alpha motor neuron axon
neuron axon
(inactive)
P ————— e
= sz (b)

anization of muscle proprioceptors. (a) Muscle spindles are arranged paralle!
extrafusal fibers; Golgi tendon organs lie in series, between the muscle fibers and their
B of attachment. (b) Golgi tendon organs respond to increased tension on the muscle
smit this information to the spinal cord via group Ib sensory axons. Because the

ated muscle does not change length, the la axons remain silent in this example.
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A Golgi tendon organ.
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FIGURE 13.22
Circuitry of the reverse myotatic reflex.

connections with the alpha motor neurons innervating the same mus¢
This is the basis for another spinal reflex called the reverse myotatic refle
ure 13.22). In extreme circumstances, this reflex arc protects the m
from being overloaded. However, the normal function is to regulate m
tension within an optimal range. As muscle tension increases, the inhil
of the alpha motor neuron slows muscle contraction; as muscle tens
falls, the inhibition of the alpha motor neuron is reduced, and mus
contraction increases. This type of proprioceptive feedback is thought &
particularly important for the proper execution of fine motor acts, such
the manipulation of fragile objects with the hands, which require a siea
but not too powerful, grip.

Proprioception from the Joints. We have focused on the propriocep
that are involved in reflex control of the spinal motor neurons. Ho
besides muscle spindles and Golgi tendon organs, a variety of propriog
tive axons is present in the connective tissues of joints, especially w
the fibrous tissue surrounding the joints (joint capsules) and liga

These mechanosensitive axons respond to changes in the angle, dire
and velocity of movement in a joint. Most are rapidly adapting, me
that sensory information about a moving joint is plentiful, but nerves
coding the resting position of a joint are few. We are, nevertheless, g
good at judging the position of a joint, even with our eyes closed. It set
that information from joint receptors is combined with that from
spindles and Golgi tendon organs, and probably from receptors in{
skin, to estimate joint angle. Removing one source of information ¢
compensated for by the use of the other sources. When an arthritic
replaced with a steel and plastic one, patients are still able to tell the
between their thigh and their pelvis, despite the fact that all their hi
mechanoreceptors are sitting in a jar of formaldehyde in another ro

Spinal Interneurons

The actions of Ib inputs [rom Golgi tendon organs on alpha motor ng
rons are entirely polysynaptic—they are all mediated by intervening spi
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Inhibitory FIGURE 13.23
interneuron | Reciprocal inhibition of flexors and
aae extensors of the same joint.

Muscle
spindle

Alpha motor
neurons

emeurons. Indeed, most of the input to the alpha motor neurons comes
m interneurons of the spinal cord. Spinal interneurons receive synaptic
ut from primary sensory axons, descending axons from the brain, and
aterals of lower motor neuron axons. The interneurons are themselves
worked together in a way that allows coordinated motor programs to be
erated in response to their many inputs.

libitory Input. Interneurons play a critical role in the proper execu-
1 of even the simplest reflexes. Consider the myotatic reflex, for exam-
. Compensation for the lengthening of one set of muscles, such as the
tors of the elbow, involves contraction of the flexors via the myotatic
ex but also requires relaxation of the antagonist muscles, the exten-
5. This process is called reciprocal inhibition, the contraction of one
of muscles accompanied by the relaxation of the antagonist muscles.
¢ importance of this is obvious; imagine how hard it would be to lift
pething if your own antagonist muscles were constantly opposing yvou.
the case of the myotatic reflex, reciprocal inhibition occurs because
laterals of the Ia axons synapse on inhibitory spinal interneurons that
tact the alpha motor neurons supplying the antagonist muscles (Fig-
113.23).

Reciprocal inhibition is also used by descending pathways to overcome
‘powerful myotatic reflex. Consider a situation in which the flexors of
lbow are voluntarily commanded to contract. The resulting stretch of
e antagonist extensor muscles would activate their myotatic reflex arc,
h would strongly resist flexion of the joint. However, the descending
hways that activate the alpha motor neurons controlling the flexors also
vate interneurons, which inhibit the alpha motor neurons that supply
e antagonist muscles.

citatory Input. Not all interneurons are inhibitory. An example of a
mediated in part by excitatory interneurons is the flexor reflex (Figure
24). This is a complex reflex arc used to withdraw a limb from an aver-
stimulus (such as the withdrawal of your foot from the thumbtack in
lapter 3). This reflex is far slower than the myotatic reflex, indicating that
umber of interneurons intervene between the sensory stimulus and the
yrdinated motor act. The pain axons entering the spinal cord branch pro-
ely and activate interneurons in several different spinal segments. These
s eventually excite the alpha motor neurons that control all the flexor
iscles of the affected limb (and, needless to say, inhibitory interneurons
o recruited to inhibit the alphas that control the extensors).
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FIGURE 13.24

Circuitry of the polysynaptic flexor reflex.

FIGURE 13.25
Circuitry of the crossed-extensor reflex.
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Flexor interneurons

muscles

You're walking around barefoot, and you step on a tack. Thanks to
flexor reflex, you reflexively yank your foot up. But where would
leave the rest of your body if nothing else happened? Falling to the flg
most likely. Luckily, an additional component of the reflex is recruited:
activation of extensor muscles and the inhibition of flexors o the oppe
side. This is called the crossed-extensor reflex, and it is used to compensate
the extra load imposed by limb withdrawal on the antigravity exten
muscles of the opposite leg (Figure 13.25). Notice that this is anofl
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mple of reciprocal inhibition, but in this case, activation of the flexors
none side of the spinal cord is accompanied by inhibition of the flexors
I the opposite side.

he Generation of Spinal Motor Programs for Walking

e crossed-extensor retlex, in which one side extends as the other side
txes, seems to provide a building block for locomotion. When you walk,
o alternately withdraw and extend your two legs. All that's lacking is a
chanism to coordinate the timing. In principle, this could be a series of
cending commands from upper motor neurons. However, as we already
pected from our consideration of headless chicken behavior, it seems
ly that this control is exerted from within the spinal cord. Indeed, a
plete transection of a cat’s spinal cord at the mid-thoracic level leaves
hind limbs capable of generating coordinated walking movements. The
it for the coordinated control of walking must reside, therefore, within
spinal cord. In general, circuits that give rise to rhythmic motor activity
called central pattern generators.

ow do neural circuits generate rhythmic patterns of activity? Different
cuits use different mechanisms. However, the simplest pattern generators
> individual neurons whose membrane properties endow them with
cemaker properties. An interesting example comes from the work of Sten
Iner and his colleagues in Stockholm, Sweden. Based on the assump-
n that the spinal central pattern generators for locomotion in ditferent
cies are variations on a plan that was established in a common ancestor,
liner focused on the mechanism for swimming in the lamprey, a jawless
1 that has evolved slowly over the course of the past 450 million years.
¢ lamprey spinal cord can be dissected and kept alive in vitro for several
5. Electrical stimulation of the stumps of axons descending from the brain
n generate alternating rhythmic activity in the spinal cord, mimicking
which occurs during swimming. In an important series of experiments,
illner showed that the activation of NMDA receptors on spinal inter-
eurons was sufficient to generate this locomotor activity.

Recall from Chapter 6 that NMDA receptors are glutamate-gated ion
annels with two peculiar properties: (1) They allow more current to flow
lio the cell when the postsynaptic membrane is depolarized, and (2) they
mit Ca®>™ as well as Na™ into the cell. In addition to NMDA receptors,
nal interneurons possess calcium-activated potassium channels. Now
agine the cycle that is initiated when NMDA receptors are activated by
tamate (Figure 13.26):

The membrane depolarizes.

Na® and Ca?" flow into the cell through the NMDA receptors.
Ca’" activates potassium channels.

K™ flows out of the cell.

\The membrane hyperpolarizes.

.Ca?" stops flowing into the cell.

.The potassium channels close.

‘The membrane depolarizes, and the cycle repeats.

Itis easy to imagine how intrinsic pacemaker activity in spinal interneurons
t act as the primary rhythmic driving force for sets of motor neurons
in turn command cyclic behaviors like walking. However, pacemaker
wrons are not solely responsible for generating rhythms in vertebrates.

¥ SPINAL CONTROL OF MOTOR UNITS
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FIGURE 13.26

Rhythmic activity in a spinal interneuron. Some neurons respond to the act
NMDA receptors with rhythmic depolarization. (a) In the resting state, the NMDA rec
channels and the calcium-activated potassium channels are closed. (b) Glutamate cause
NMDA receptors to open, the cell membrane to depolarize, and Ca** to enter the
(c) The rise in intracellular [Ca®*] causes the Ca?* -activated potassium channels to opt
Potassium ions leave the neuron, hyperpolarizing the membrane. The hyperpolarizati
Mg?* to enter and clog the NMDA channel, arresting the flow of Ca?™, (d) As [Ca ]k
the potassium channels close, resetting the membrane for another oscillation.
(Source: Adapted from Wallen and Grillner; 1987.)

They are embedded within interconnected circuits, and it is the combi
tion of intrinsic pacemaker properties and synaptic interconnections f
produces rhythm.

An example of a possible pattern-generating circuit for walking is
in Figure 13.27. According to this scheme, walking is initiated w

Excitatory
interneuron

Inhibitory
Continuous interneurons

input from brain

Excitatory Extensor
interneuron motor neuron

FIGURE 13.27
A possible circuit for rhythmic alternating activity.



a continuous input by generating bursts of outputs. The activity of the
p interneurons alternates because they inhibit each other via another
Lof interneurons, which are inhibitory. Thus, a burst of activity in one
emeuron strongly inhibits the other, and vice versa. Then, using the
mal cord circuitry of the crossed-extensor reflex, the movements of the
posite limb could be coordinated so that flexion on one side is accom-
nied by extension on the other. The addition of more interneuronal con-
ations between the lumbar and cervical spinal segments could account
rthe swinging of the arms that accompanies walking.

Work on many vertebrate species, from lampreys to humans, has shown
at locomotor activity in the spinal cord and its coordination depend on
glfiple mechanisms. Such complexity is not surprising when we consider
'demands on the system—{for example, the adjustments necessary when
e foot strikes an obstacle while walking, or the changes in output that
g necessary to go from walking, to jogging, to running, to jumping.

CONCLUDING REMARKS

e can draw several conclusions from the preceding discussion of the
inal control of movement. First, a great deal has been learned about
pvement and its spinal control by working at different levels of analysis,
noing from biochemistry and biophysics to behavior. Indeed, a complete
iderstanding, whether of excitation-contraction coupling or central pattern
gneration, requires knowledge derived from every approach. Second, sen-
ion and movement are inextricably linked even at the lowest levels of
e neural motor system. The normal function of the alpha motor neuron
ends on direct feedback from the muscles themselves and indirect infor-
on from the tendons, joints, and skin. Third, the spinal cord contains
Jintricate network of circuits for the control of movement; it is far more
jan a conduit for somatic sensory and motor information.

Evidently, coordinated and complex patterns of activity in these spinal
ficuits can be driven by relatively crude descending signals. This leaves the
gestion of precisely what the upper motor neurons contribute to motor
introl—the subject of the next chapter.
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Spinal Control of Motor Units
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CHAPTER 13

QUESTIONS

* SPINAL CONTROL OF MOVEMENT

|. What did Sherrington call the “final common pathway,” and why?

2. Define, in one sentence, motor unit. How does it differ from motor neuron pool?

3. Which is recruited first, a fast motor unit or a slow motor unit? Why?

4. When and why does rigor mortis occur?

5. Your doctor taps the tendon beneath your kneecap and your leg extends. What is the neural basis of this

reflex? What is it called?

6. What is the function of gamma motor neurons?

7. Lenny, a character in Steinbeck’s classic book Of Mice and Men, loved rabbits, but when he hugged them, they
were crushed to death. Which type of proprioceptive input might Lenny have been lacking?
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