Posterior Parietal cortex Basal ganglia

Transforming visual cues into u Learning movements, motivation

plans for voluntary movements of movements, initiating

Thal movements
Motor cortex alamus

Initiating, and directing voluntary

movements Cerebellum

Learning movements and
coordination
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Divisions of the spinal cord:
Cervical
Thoracic
Lumbar

Sacral

a4
VERTEBRAE ’,_;%

NUMBERS

CERVICAL
DIVISION

THORACIC
DIVISION

LUMBAR {
DIVISION
L1

DIVISION

SACRAL .,_a—-'}

Bl S4
.55

Breathing and head
and neck movement

Heartrate and
shoulder movement

Wrist and elbow
movement

Hand and finger

movement
T2
T3
T4
T5
T6 Sympathetic tone
I — including temperature
L -‘" Te regulation and trunk stability
s .k:::_ . T9
G|
N 110,
P k ) T ]
\ ™
el 12
Ui | Ejaculation
and hip motion
L2

La .
:I— Knee extension

L4

L5

S1

S2

Foot motion
and knee flexion

| Penile erection

and bowel and bladder activity

McDonald JW (1999) Sci Am 9:64-73



A spinal segment

' To brain
From brain
ASCENDING
DESCENDING . TRACT OF AXONS
TRACT OF AXONS

VENTRAL

DORSAL

SURFACE BLOODY
W VESSEL .

DORSAL
ROOT
GANGLION

3 McDonald JW (1999) Sci Am 9:64-73



Spinal Cord Injury

* Initial damage is likely limited to a small region

Hemorrhaging from broken vessels swells the cord, putting pressure on healthy neurons

Injured neurons release glutamate at very high levels, over exciting neighboring neurons

Cyst and glutamate kill myelin producing cells SEVERED /' _

After a few weeks, a wall of glial cells forms

5 B¢ ~INHIBITORS
t ACTIVATED ' .. OFAXON -
GLIAL CELLS = : .,-qllfl?WTH ,

__——-‘____. -

CYST: fluid
filled cavity

ZONE OF

ORIGINAL

DAMAGE
™,

McDonald JW (1999) Sci Am 9:64-73



Most common type of spinal injury in humans: C5-C6

Finger muscles are controlled by motorneurons at C6 or lower.
Spinal segment

Scapular
muscles

Thoraco-
humeral
muscles

Gleno-
humeral
muscles

Elbow
flexors

Elbow
extensors

C1| C2/ C3[C4 | . C5 C6 C7
-

trapezius

levator scapulae

rhomboids

C8 T1

serratus anterior

pectoralis major

pectoralis minor

latissimus dorsi

ﬂ teres major

supraspinatus l

infraspinatus

| subscapularis
. teres minor

deltoid

coracobrachialis

biceps

brachialis

. brachioradialis

triceps

anconeus

Pat Crago, Case Western Reserve Univ.



Neural Prosthetics

Functional Electrical Stimulation to produce a grip
C6 injury: Elevation of shoulder on the left arm signals the stimulator to
produce a grip.

SHOULDER
POSITION
SENSOR

ELECTRODE
ELECTRODES

LEA7\ I
IMPLANTED
STIMULATOR

TRANSMITTING
COIL

‘\ EXTERNAL

CONTROLLER

McDonald JW (1999) Sci Am 9:64-73



Restoration of
Grasp and Release
of a Tetraplegic Hand

Using an
FES Neuroprosthesis

S o
CWRU

Pat Crago, Case Western Reserve Univ.




Tendon puscle

sarcomere
/ actin

e Bundle of <
Nerves | fibers

3 ilaments
Connective

Tissue L/ \ z‘{ P44
Nuclei S oo

Myofibrils
ﬁ . II"h--

8 Zorpette G (1999) Sci Am



Motor neurons reside in the ventral region of the gray matter of the spinal
cord. They collect into pools that innervate a single muscle.

Dorsal

Dorsal root
ganglion Dorsal horn
Ventral horn
Ventral
root

-----------

Motor nucleus Motor nucleus
(to axial muscle) (to limb muscle)

Ventral
Kandel ER et al. (1991)
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A motor unit; a motor neuron and
all muscle fibers that it innervates

~~ Motor neuron
in spinal cord

Motor unit size
depends on function

Muscle fibers

innervated by
a single motor
neuron
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Polio

Poliovirus invades the motor diireidhnon
neurons, Killing them. > O

Muscle fibers in the motor unit are
paralyzed.

Neighboring motor neurons grow
sprouts to take over orphaned
fibers, creating a giant motor unit.

Motor stroke

Damage to the brain causes loss of neurons that descend to the spinal cord. The
resting discharge of motor neurons is severely reduced.

Halstead LS (1998) Sci Am 4:42-47



_— Tendon

-~

Intrafusal muscle fiber oy |
(contractile component) - __-Extrafusal muscle fibers

—_

y motor neuron axon
j/'// Spindle afferent axons

#._ _~ o, motor neuron axon

Intrafusal muscle fiber
(sensory component)
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A/\/\_
5 Hz twitch

—

Force produced by a /\/\ -

muscle depends on the
rate of action potentials
P oY S -

from the motor nerve.
[
/\/WV\/\/\ -

100 Hz

14 MWMN‘}W Kandel ER et al. (1991)
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Force produced by a muscle depends on its length

Tension (kg)

I |

¥l Tl Tl Tl T LT TTT TT T}
2.0um 2.5um 3.0um

R

Tetanus

o)
Twitch

.0 .
Passive

-

| N --&——-O-*"Q”

Muscle length (cm) )
120° 90° 60° 30
i | | - |

Angle of ankle

Force produced through direct electrical stimulation of the soleus
muscle of a cat. This muscle’s function is to extend the ankle.



Muscles are organized in an “antagonistic” architecture

To rapidly move a limb, antagonist muscles are activated in sequence

Slow movement Fast movement
140¢ 140
130¢ 130
1201 Joint angle 120
110y 110
100¢ 100
2 90° 90
1
40 40
.4 Muscle 2 activity " _
J _—
O_ 0
40 40 w
. Muscle 1 activity 2
; 1
0 1 2 3 4 5 0 1 2 3 4

Time (sec)



Rapid wrist flexion: agonist-antagonist-agonist activation pattern

Wrist
position
30°

Flexion

Wrist
velocity

300°/s

Wrist flexor
EMG

200 nv

Wrist extensor
EMG 100 ms

17 Britton et al. 1994



Essential tremor: a cerebellar condition associated with delayed 2nd
agonist burst

Normal

Wrist

position \ 4 {

Wrist ~

velocity ‘“‘“‘\.\ / e

4 500°/s |

Wrist flexor W
EMG

200 u‘v‘l

Extensor LLW_.__
EMG

18

Essential tremor

—_—

Britton et al. 1994
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Types of Muscle Fibers

In adult humans, we find that a muscle may be made up of 3 distinct kinds of
muscle fibers, where each fiber has a particular isoform of the myosin molecule.

 Type I: slow contracting fibers. Repeated stimulation results in little or no
fatigue (loss of force).

« Type II: fast contracting fibers
* Type lla: fatigue resistant

» Type lIx: easily fatigued

Composition of fiber types in a muscle depends on its function.



response. B. Tetanic stimu
eeeeeeeeeeeeeeeeeeeeeeeeeeee



2]

Change in a Muscle: Spinal Cord Injury & Effect of Exercise

Strength training puts stress on tendons, signaling proteins to activate genes that
make more myosin, resulting in the enlargement of muscle fiber. Type lix fibers are
slowly transformed into type lla fibers.

Paralysis: Transformation of type | fibers into type lIx.

100 =
mm Slowtype |
mm Fast type lla
% 80| I Fast type lIx
m -
2 Quadriceps
s eor (thigh muscle)
=
©
+= 40
D
=
(@)
O 20
0
Person World- Average Average Middle World- Extreme
with spinal class couch active distance class endurance
injury sprinter potato person runner marathon  athlete

runner



Control of Muscle Force
* As more force is need, more motor neurons are recruited.
* Frequency of activation of motor neurons is increased.

24ar
_20F
N
z
O
516’-
o
=
= 12F
:‘_é
-
8-
4 i I+ i 3151 L1 | W O O I i J ¢+ 1 i i.31)
1 10 100 1000

Voluntary force (grams)

22 Monster AW & Chan H (1977) J Neurophysiol 40:1432
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Motor units that are activated later tend to produce more force and

Motor unit 1

Motor unit 2

have faster contraction time.

1
A -
Muscle

action ' : - )
potentials 2 — “||| I

Force -

0.5 mVvV

Average
force

Average
force

50 msec

Desmedt JE & Godaux E (1977) Nature 267:717



Use dependent change in a motor unit recruitment: effect of handedness

Muscles of the dominant hand are used more, and so should have larger proportion
of type | muscle fibers. To produce a given amount of force, a muscle that has a
large number of type | muscle fibers will recruit a proportionally large number of
motor units.

Distribution of motor
unit recruitment
threshold in dominant
(D) and non-dominant
(ND) hands. The task
IS isometric force
production in the 15t
dorsal interosseous
muscle.

% of Motor Units

0-1 5-6 10-11
Recruitment Threshold (N)

24 Adam, De Luca, Erim (1998) J. Neurophysiology 80:1373.



Muscle's sensory system allows the CNS to measure force and
length of the muscle

Alpha motor axon

Extrafusal
muscle fiber

(la and Il afferents) Spindle afferents
(Gamma motor neuron) and efferents

Muscle
spindle

Tendon organ
afferent

(Ib afferents)

Golgi tendon
organ

Tendon
25 Houk et al. (1980)
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Spindle afferents signal length change in the muscle

Golgi tendon afferent signal force change in the muscle

Response of a Golgi tendon
afferent to an isometric
increase in force

Response of a muscle spindle
afferent to an isotonic stretch

Length 150-
-
10 /Nq......,-
- a
& B Q.2 sec E 5()- - ¥
g 2001 AR i
g. 100 | ."\':-y'%"""ﬂ-.-.-.-.oa..u.- c i g:
-E et E IE‘ —/
0 S .

=
I



Our sense of limb position is via muscle spindles

Elbows on a table, eyes
closed. Right hand pulling a
string attached to the ceiling.
Task is to match position of
the right arm with the left
arm.

Right biceps is vibrated but
remains stationary.

The tracking arm (left arm)
becomes extended.

27

Ri_g ht arm Triceps tension
(vibrated)
Extension
f
I Tracking arm
'
'
1
1
& Vibrated arm -
_Flexion r’ﬁ—‘

Biceps vibration

Tension Kg

=150

—1130

=110

gt

o

90
Angle at elbow



Gamma motor neurons control the sensitivity of the spindle
afferents

Spindle is in parallel to the
extrafusal muscle fibers

il
LA

Stimulation of the y-motor neuron
shortens the spindle. This results in
increased firing in the spindle
afferent.

Spindle is sensitive to both y-motor
neuron input and the length of the
extrafusal muscle.

=
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Spindle afferents excite a-motor neurons of the same muscle

Golgi tendon afferents inhibit (via inter-neurons) a-motor neurons of
the same muscle

C-MOtor Neuron  Neyromuscular

Junction



Force control

Force feedback

signal
+ Inter- |,
neurons
Driving
signal

Q

\_/

Muscle

A +

Length & velocity

feedback

Spindles

A 4

Tendon
organs

External

[)rces
Muscle force

*» Load

Muscle
length

A

Length control 3

A

»
»

signal /\
w Gamma bias
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(B) Sensory neuron also
_______ " excites spinal interneuron

(A) Sensory neuron synapses
with and excites motor

neuron in the spinal cord

!

Sensory

falferent).

dR0

T
s

Hammer tap stretches
tendon which, in turn,

stretches sensory

receptors in leg extensor

muscle

i ﬂ - -/
— - "'h,?-_\-f”'f -
MUUH [nterneuron
letterents
o
A7 axons

/

Muscle
SENSOTY
n*n-pl (o

(C) Interneuron synapse
inhibits motor neuron
to flexor muscles

ﬂ (A) Motor neuron
conducts action
potential to synapses
on extensor muscle
fibers, causing
contraction

(B) Flexor muscle relaxes because
the activity of its motor neurons
has been inhibited

~ S

&> .

31
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Time delay in the Reflex Loop Pathways

involuntary

response
l voluntary

response

Biceps EMG A —A—

) Inst: oppose ] Inst: assist

1 A i

] i ] ;g
) L} 3
| r‘fﬂ | M
J W

L
3
v . 3 v v -, - —_— - 4 - v —

wovr e’

¢ 50 100 $ 50 100
S S :
Time (msec)

Task: biceps is suddenly stretched at time (S). Before the stretch,
subject is instructed to either oppose the stretch (left), or assist it (right).

Delay in fastest reflexes is 30 msec.

32 Strick P (1978)



The pathways for short- and long-latency
response to a perturbation

motor cortical neuron

Long-latency pathway q |

muscle spindle afferents
\
: T
[

Short-latency pathway >

o o e ke S WM = —— A o,

"7‘

9 thalamus

——

\qu dorsal column nuclei

‘-r" motor neuron
33
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Time delays in the long latency reflexes

Ankle of a subject is suddenly
stretched.

Evoked potential from somatosensory
cortex (recorded by EEG electrode)

Evoked potential (recorded with EMG
electrode from the ankle dorsiflexor
muscle) when motor cortex of same
subject is stimulated via magnetic
stimulation

EMG recorded when ankle dorsiflexor
muscle is suddenly stretched

Delay between spindle
afferent and cortex

46 ms

”“"“‘WM '
WMMWM \

30 ms' Delay between

i cortex and muscle

<

94 ms

rf
A

Ankle position -
20 ms

»
¥ >

‘ 100 pv

Petersen et al. J Physiol 1998



Absence of long latency reflexes in a patient with right brainstem stroke

—
]10' Position

v} 25 40 55
L
10
LY
‘ IPS
4
5 $4 2Pt
uv
250 msec

Brief stretch of thumb flexor muscle (at time zero) in a
patient with lesion in the dorsal aspect of the right
caudal medulla (stroke). Patient has no sense of
position or two point discrimination on the right hand,
but is normal on the left hand.

35
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Patients without large fiber afferents can move their limbs

Rapid thumb flexion with visual feedback of the hand

Normal Deafferented
Position

Velocity j\ ] 400°/s J\
ST e

500 uv
Thumb extensor muscle HJ\
MA—JL__

36
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Without afferents, vision is necessary to maintain limb posture

Rapid thumb flexion without visual feedback of the hand

Normal Patient

Vision off

Vision off

Position
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