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Locomotor acts belong to the category of extremely
ancient movements.... This antiquity assures for the
investigator the existence of deep organic connections
between locomotor processes and the most varied
structural levels of the central nervous system and
allows us to hope that we shall observe in the very
course of the locomotor act traces of these different
levels and of successive phylogenetic stratification.

— Nicholas Bernstein, p. 6l in the
Coordination   and Regulation of Movement,      
1967. 

Since the times of Darwin and Spencer it has become

traditional to consider the human central nervous system as a

series of superimposed levels, added at successive stages of the

evolutionary scale. Magoun (1960) has pointed out that this

approach was adopted by Hughlings Jackson in neurology, Ivan Pavlov

in physiology, Sigmund Freud in psychiatry, and Ludwig Edinger and

Clarence Herrick in neuroanatomy. All of these scientists made

lasting impressions on their scientific fields and they assured a

major place in the analysis of brain function for the evolutionary

stages approach.

The Soviet scientist Nicholas Bernstein, a pioneer in the

study of the motor mechanisms of behavior, carried the

evolutionary approach a step further by suggesting that an

understanding of the mechanisms of locomotion would provide an

especially keen insight into the phylogenetic levels of brain

function. He inspired an entire generation of work at the

Institute of Problems of Information Transmission in Moscow, which

has made available a large body of information on the
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neurophysiology of locomotion. Scientific workers at that

Institute have conducted hundreds of experiments using a newly

developed preparation, the decerebrate cat on a treadmill, and

stimulating and/or recording with microelectrodes from the brain

and spinal cord during locomotion.

This review is intended as a response to Bernstein's

challenge; an attempt is made to reconstruct a picture of the

successive phylogenetic stages of neural circuitry in terms of its

function during locomotion. The time is judged to be propitious; a

wealth of data has become available, not only from the Moscow

group, but also from scientists at the University of Goteberg in

Sweden and other laboratories around the world. There are still

many gaps in our knowledge, but hopefully they will become even

more evident and will become more amenable to experimentation and

understanding.

In the human brain there are five major pathways from the

brain to the spinal cords the reticulospinal, vestibulospinal,

tectospinal, rubrospinal, and corticospinal tracts. In other

words, all movements of the head, limbs and trunk are directed

from the brain by way of only six pathways. These pathways have

arisen at different stages of vertebrate phylogeny (Figure la) For

the present analysis it is most convenient to discuss them in

terms of five stages of locomotor development - and a sixth stage

which represents the hypothetical primitive condition in which

there was no brain at all, but simply a spinal cord.

The first stage, in which there was a spinal cord and no

brain, may be represented by the primitive chordate, amphioxus,

Amphioxus can swim. It has rows of myotomal muscles on each side

of the body which contract in successive waves when stimulated by
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 successive nerves from a single dorsally located spinal cord. It

can swim both "backwards" and "forwards" and away from light, but

Instead of having a head with special sense organs and a brain, it

has light sensitive cells throughout its spinal cord and it seems

to have a head only because it has a mouth at that end of the body

(Young, 1962). Presumably, amphioxus has a neural circuitry in its

spinal cord which mediates the successive waves of neural activity

which, in turn, stimulate the successive waves of muscular

activity necessary for swimming. As yet, however, we have little

data on this neural circuitry in amphioxus.

In the second stage there is a head with specialized sense

organs, a brain, and a connection from the brain to the spinal

cord by which the brain can turn locomotion on and off and control

its speed. This stage may be' represented by the hagfish and

lamprey, although the latter also has more sophisticated guidance

systems for locomotion (stage three) and the former is probably a

degenerate line evolved from more sophisticated ancestry. The

hagfish and lamprey swim, like amphioxus, by successive myotomal

contractions controlled by the spinal cord. The swimming is

controlled, however, by specialized cells in the brain, Müller

cells or reticular cells, which send their axons down the length of

the spinal cord of the hagfish (Bone, 1963). In the lamprey these

cells and their axons have been carefully enumerated and traced

(Rovainen, 1967). There are two or three Müller cells on either

side of the midbrain, two to four on either side of the isthmus,

and seven or eight on either side of the medulla. Electrical

stimulation of these individual cells produces locomotor-like

effects. Their axons run down the ipsilateral ventral portion, of

the spinal cord throughout its entire length, apparently providing
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the "throttle" for locomotion.

The Müller neurons and axons of the hagfish are succeeded in

the higher vertebrates by the reticulospinal neurons and their

axons. Like the Müller cells there are several clusters, including

one in the isthmus (or pons) and one in the medulla, although

there are far more individual cells than in the lamprey or

hagfish. Higher vertebrates do not have reticulospinal cells in

the midbrain, although the few cells of the interstitiospinal

tract may represent a vestige of them (Sarnat and Netsky, 1974),

Like the Müller cells, reticulospinal cells have large cell bodies

and long axons which travel the length of the ipsilateral spinal

cord. Detailed data have not been obtained about them in the fish

or amphibia, but in the reptiles they are represented by the

inferior and raphe myelencephalic nuclei in the medulla and the

principle and lateral metencephalic nuclei in the isthmus region

(Robinson, 1969). In the cat and man they are represented by the

nucleus gigantocellularis in the medulla and the oral and caudal

reticular nuclei in the pons (Brodal, 1969). Whereas the Müller

axons, in order to achieve a fast conduction velocity, are very

large in diameter, the reticulospinal axons in higher vertebrates

are smaller, achieving fast conduction velocity by myelin sheaths

instead. The lamprey and hagfish have no myelin,

In the third stage, represented by the fish, swimming is

guided by sophisticated neural control systems including major

inputs from the vestibular organ which responds to tilt and

rotation. In the brain clusters of cells develop around the

terminations of the primary vestibular fibers; they become the

vestibular nuclei which give rise to vestibulospinal fibers.

Presumably the steering of locomotion in the fish, involving
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stronger contractions on one side of the body or adjustments in fin

angle or movement, involve adjustments on reticulospinal commands

as well as vestibulospinal impulses, but data are not yet available

on this question.

The vestibulospinal tract has been traced from the vestibular

nuclei to both ipsilateral and contralateral sides of the spinal

cord in the lamprey (Kappers et al, 1936, p. 442), the shark

(Kappers et al, p. 166), teleost fish (Kappers et al, p. 178), the

frog (Fuller, 1974), the lizard (Robinson, 1969) and mammals

(Brodal, 1969). The nucleus of origin is not usually subdivided in

fish and amphibia (the ventral nucleus of the acoustico-lateral

area) In the reptiles it is divided into tangential and lateral

(Deiter's) nuclei. In mammals it is divided into four nuclei; with

the ipsilateral vestibulospinal tract (the lateral tract) derived

primarily from cells in the lateral (Deiter's nucleus) and the

contralateral (medial) tract derived primarily from cells in the

medial and descending nuclei (Wilson, 1975).

In the fourth stage, the transition from sea life to land life,

the mechanisms of locomotion are transformed. Postural systems are

evolved to maintain the body, which is denser than air, in an

upright stance. Fish, being no denser than water, had no such

problem. Turning, with the invention of the neck, becomes

fragmented into two components, a head component and a body

component, and requires a new control system. Vision, previously

submerged in the murkiness of the sea, becomes the preeminent

sensory system. A new pathway from brain to spinal cord, the

tectospinal tract, develops from the visual centers in the tectum to

the neck motorneuron region of the cervical spinal cord.

The tectospinal tract has been demonstrated in the frog
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(Rubinson, 1968), lizard (Ebbeson and Karten, quoted by Rubinson),

and mammals (Brodal, 1969.) It is totally crossed, runs in the

medial ventral funiculus of the spinal cord and goes primarily to

the upper cervical spinal cord in all the animals studied. Rubinson

suggests that in the frog it "probably provides the physical

substrate for neck movements involved in fixation of gaze."

In the fifth stage the cerebellum becomes the dominant part of

the locomotor system. Its fibers project to the cells of origin of

vestibulospinal and reticulospinal systems (which to some extent

become cerebello-vestibulo-spinal and cerebello-reticulo-spinal

tracts) and a new supraspinal pathway evolves, the cerebello-rubro-

spinal tract. This stage takes place somewhere in the evolution

from amphibia to reptiles, since the extant amphibia such as the

salamanders and frogs have relatively underdeveloped cerebellums,

little projection of the cerebellum to the vestibular nuclei, and no

cerebello-rubro-spinal pathway (Nienwenhrys, 1967). The reptiles

(Robinson, 1969) and mammals (Brodal, 1969), on the other hand,

have a well-developed cerebello-rubro-spinal tract associated with

a great increase in size of the cerebellum. Efferent pathways of

the cerebellum have not been studied in the reptile, but in the

hedgehog, a primitive mammal, there are five efferent pathways from

the cerebellar nuclei and they project primarily to the vestibular

nuclei of both sides, the red nucleus and thalamus of the

contralateral side and the reticular formation of both sides (Earl

and Matzke, 1974.) Other mammals often show only three or four of

the pathways seen in the hedgehog (Ebbeson and Campbell, 1963.) In

the cat, there is also a direct connection between the cerebellar

cortex (Purkinje cells) and the lateral vestibular nucleus,

bypassing the cerebellar nuclei (Brodal, 1969.)
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The great development of the cerebellum in mammals corresponds to

the development of separate alpha and gamma motorneurons in the

spinal cord and their differential control of ordinary and

fusimotor muscle fibers. As will be described later in more detail,

the amphibia solve the problem of contradiction between locomotor

and posture systems by means of collateral fibers from alpha

motorneurons to fusimotor fibers in the muscle, which biases the

response of muscle spindles during locomotion. This produces a

rather rigid and inflexible motor system, however,, The development

of separate gamma motor-neurons to control the fusimotor fibers,

and the development of the cerebellum to control the gamma

motorneurons, enables the mammals to achieve more plasticity and

spontaneity of posture and locomotion.

The cerebellum, of course, is much older in phylogeny than the

reptiles, going back as far as the ancestors of the lamprey, and it

is quite large in many of the sharks and teleost fish. Even an

analog of the red nucleus with projections to it from the

cerebellum has been reported in the shark (Ebbeson and Campbell,

1973) However, the cerebellum of amphibia is very reduced and

there is no well-developed rubrospinal tract below the level of the

reptiles.  Apparently, the cerebellum has functioned in a number of

roles during its phylogeny, of which the control of the gamma

motorneuron is simply a new and important role,

In the sixth stage, the cerebral neocortex becomes the dominant

part of the nervous system. Its fibers project to sites of origin of

the rubrospinal and reticulospinal systems (cortico-rubral and

cortico-bulbar tracts), to the cerebellum (cortico-ponto-cerebellar

fibers) and directly to the spinal cord via the corticospinal tract.

The evolution of the size of the cortico-spinal tract, as has often
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been noted, parallels the evolution of the primates including man.

It is very small in monotremes and marsupials, larger in

insectivores and other primitive mammals, and progressively larger

as one ascends the phyletic scale of the primates towards man

(Lassek, 1954).

Already, in the reconstruction of the phylogeny of locomotor

stages and the supraspinal pathways we have encountered some

ambiguities and gaps in our knowledge. The amphloxus, shark, lizard,

etc, are, no doubt, greatly transformed since the ancestral stock on

the main line of human evolution. And the hagfish, salamander and

frog have probably degenerated in some ways from the ancestral

organisms; the hagfish ancestor probably having had a more advanced

vestibular system and the ancestral amphibia having been much larger

in bulk with more substantial postural systems. Furthermore, even

the neuroanatomical data on supraspinal pathways may be incomplete.

Much of it is still derived from techniques appropriate only for

myelinated fiber systems; the new degeneration techniques have not

yet been applied to the nervous systems of lower vertebrates. And

even the degeneration techniques may not be sufficient to describe

all supraspinal systems. For example, in the past few years

previously unknown branch of the reticulospinal system has been

discovered by new techniques of neurotransmitter staining, the Al

reticulospinal system (Dahlstrom and Fuxe, 1964.) No doubt the

details of our picture of the phylogeny of supraspinal tracts will

be revised and extended by future research and new techniques, but

the broad outlines, as sketched here, should be sufficient for our

present purposes.

In the analysis which follows, the six stages of locomotor

development and the corresponding five supraspinal pathways will
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be discussed in terms of six neural systems involved in the

locomotion of the decerebrate cats the intrinsic spinal locomotor

system; the reticulospinal command system; the systems of

stabilization and steering; the system of postural maintenance; the

cerebellar modulator systems; and the pyramidal system. The neural

systems, in each case, have evolved to meet the new challenges of

locomotion at that stage of locomotor development and they utilize

the new supraspinal pathway arising at that level of phylogeny.

Each new system uses the old supraspinal pathways as well;

however, the nervous system becomes an overlay of successive

hierarchical levels. The intrinsic system is under control of the

reticulospinal system which is modified by guiding and

stabilization systems; all these systems are over-ruled by the

cerebellar modulator system; and finally, the pyramidal system

dominates and over-rules all the older systems.
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HISTORY AND METHODOLOGY

The recent studies on the neurophysiology of locomotion in

decerebrate cats on a treadmill follow in the tradition

established by Bernstein, who began publishing his work on the

biomechanics of locomotion in 1926. A collection of Bernstein's

works became available for the first time in English in 1967,

published by Pergamon Press under the title The Co-ordination and

Regulation of Movements. Bernstein studied human locomotion and

other movements by cinematographic and mathematical techniques,

and he speculated extensively concerning the neural control of

movement, although he was not a neurophysiologist.

The recent work on the neurophysiology of cat locomotion was

immediately preceded by a series of studies concerning aspects of

the locomotion of dogs on a treadmill (Arshavsky et al, 1965;

Orlovsky and Shik, 1965; Shik and Orlovsky, 1965; Orlovsky et al,

1966a and b).  Using procedures developed by Bernstein in his work

on human locomotion, the investigators calculated the

instantaneous joint angles during the locomotor cycle, and they

analyzed normal locomotion in terms of the transfer and support

phases of the cyclic action of each limb.  In the final paper of

the series, the brain mechanisms of locomotion were investigated

by removal of the cerebellum. Whereas the intact dog was found to

compensate for increased load (imposed by pulling the dog

backwards with a lead attached to its collar), the dog without

cerebellum was not able to compensate as well. The authors came to

the tentative conclusion that in the normal dog the cerebellum

suppresses proprioceptive reflexes which would otherwise interfere

with locomotion.
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Studies of locomotion were then carried out on normal and

decerebrate cats (Shik et al, 1966; Gambaryan et al, 1971).

Cyclic changes in joint angles and center of gravity were

determined from cinematographic analysis of locomotion in normal

cats.  Cyclic changes in muscle length and muscle activity as

judged from electromyography were recorded in decerebrate cats on

a treadmill. The locomotion obtained in the two experimental

preparations was said to be comparable in most essential details,

although, of course the decerebrate cats on the treadmill could

only move in a straight line. See also similar studies by Westzel

et al (1975) and Miller et al (1975).

Muscle activity of individual limbs during locomotion may

be most conveniently classified in terms of flexion and extension

(Figure lb).. Flexor muscles are active prior to and during the

transfer phase of locomotion for that limb, while extensor

muscles are active prior to and during the support phase.

Because of the different attachments and leverage properties of

muscles, certain muscles which span more than one joint may

take part in both phases of locomotion, e.g. the gracilis and

semitendinosus which span both the hip and knee joints. Most

flexors and extensors tend to act in consort, but there are

minor differences in timing which may be due to different

neural influences.  It has been pointed out by Lundberg (1969)

that the contraction of extensor muscles prior to foot contact

suggests an intrinsic, rather than reflex patterning mechanism

for locomotion.

In recent years, the Moscow group has used the decerebrate

cat preparation in order to record from individual brain and

spinal neurons during locomotion. Anyone who has recorded from
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single neurons during active behavior (e.g. Adams, 1968) can

appreciate the great difficulties to be overcome, including the

problem of movement and the problem of eliciting behaviors

reliably and quickly in order to take advantage of the relatively

short time that neuronal recording can be maintained.  If the

animal is moving it becomes difficult to "hold the neuron," i.e.,

maintain the microelectrode at an optimal recording distance from

it: on the one hand, a movement may plunge the electrode into the

cell, injuring or destroying it; on the other hand, movement may

carry the electrode outside the dendritic field of the cell which

disrupts recording either temporarily or permanently.  Shik et al

(1966) were able to obtain treadmill locomotion in cats with the

forebrain removed (decerebrate) to eliminate pain reactions and

with the head clamped into a stereotaxic apparatus so securely

that there was little or no movement of brain tissue during the

locomotion. Furthermore, they found that stimulation via implanted

electrodes in a particular area of the midbrain (which they called

the locomotor region) enabled them to evoke locomotion with such

reliability, short latency, and frequency that it became possible

to sample the activity of large numbers of neurons during the

behavior.

The experimental preparation was quite simple, as illustrated

in Figure 2. The forebrain of the cat was removed under ether

anesthesia, and the head was clamped into a stereotaxic instrument

which not only reduced movement, but also made it possible to

place stimulating and recording electrodes with anatomical

precision. The animal was then lowered upon the belt of a

treadmill, which could be set in motion and its speed controlled

by an electric motor and transmission. The entire system was
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mounted on rollers which made it possible to measure the force

component exerted by the cat during walking or running.  If the

force exerted by the cat was great enough it could also move the

treadmill independent of the motor since the belt transmission was

designed to allow slippage. Limb displacement (and in some cases,

joint position) was measured by appropriate potentiometers. In

addition to clamping the head for positioning of brain electrodes,

the investigators sometimes clamped the spine as well in order to

record from the spinal cord or spinal roots.
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SYSTEM ONE: THE SPINAL LOCOMOTOR MECHANISM

The most "basic vertebrate locomotor mechanism corresponds to

the stage of development at which the hypothetical vertebrate

ancestor had no specialized distance sense organs at a head end of

the body, no brain, and no supraspinal pathways to the spinal cord.

The animal's locomotion was totally controlled by the spinal cord

itself. In many, relatively advanced vertebrates, it is still

possible to elicit locomotor rhythms after removal of the brain.

In some vertebrates, such as sharks and chickens, locomotion may be

elicited immediately after the head or spinal cord has been

severed. In others, such as the cat, it is necessary to use special

procedures such as severing the thoracic spinal cord of the young

kitten or injecting pharmacological agents in order to observe the

phenomenon of intrinsic spinal locomotion (Grillner, 1973).

The intrinsic spinal locomotor system of mammals may still

function like that of the most primitive vertebrates. Relevant data

are still scanty from the most primitive existing vertebrates such

as the amphioxus, lamprey and hagfish, but there have been

investigations on the dogfish shark by Gray and Sand (1936),

Lissman (1946), Roberts (1969) and Grillner (1974.) In the shark,

as in the cat, there is evidence for an intrinsic oscillator system

which is usually dominated by peripheral sensory feedback during

locomotion. The salamander is, in some ways, an intermediary form

between fish and land vertebrates; it, too, has both an intrinsic

oscillator and peripheral sensory feedback which is predominant

(Szekely et al, 1969.) The entire question has recently been

reviewed by Grillner (1975).

In early experiments on the decerebrate cat (Shik etal, 1966),

it was found that locomotor rhythms could not be obtained
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without some peripheral sensory feedback. Decerebrate cats with

electrodes in the locomotor region were suspended so that the

limbs could move freely or be moved artificially by the

experimenter. Electrodes were placed on a ventral root and the

summed activity of alpha motoneuron axons was recorded. In the

experiment, however, flaxedil was injected intravenously in

order to block muscular activity while leaving the motorneuron

activity potentially unchanged. Without muscular contraction

and consequent sensory feedback, the motorneuron rhythrnicity

disappeared. The rhythmicity could be recovered, however, by

artificially rocking the limbs of the animal, either the limb

innervated by the ventral root under study, or the opposite

limb, and in a few cases, by swinging one of the forelimbs.

These results appeared to confirm the conclusions of Gray

(1966) that locomotion throughout the vertebrates requires some

peripheral sensory feedback.

In more recent studies, however, there has been an

accumulation of data suggesting that there is an intrinsic

generator of locomotor rhythms, which is not usually active enough

to produce rhythmic activity in the motorneurons without

peripheral sensory feedback (Arshavsky et al, 1972b; Orlovsky and

Feldman, 1972a, 1972b).  Interneurons have been recorded in the

hindlimb region of the spinal cord which show locomotor rhythms in

the absence of peripheral sensory feedback: (l) after cutting the

ventral roots to the hind limbs which eliminates cyclic muscle

activity from which there might be sensory feedback; (2) after

cutting of the dorsal roots from the hind limbs which eliminates

sensory inputs; or (3) during locomotor stimulation at intensity

levels below the threshold of actual limb movement, without any
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cyclic muscle activity from which there could be feedback. The

possibility remains in some cases that the rhythmicity was due to

descending systems from the brain, but in some experiments this

possibility was ruled out by removal of the cerebellum. As will be

discussed later, the cerebellum is necessary for locomotor

rhythmicity of supraspinal pathways.

The neurons with intrinsic locomotor rhythms were found

primarily in the ventral horn region of the spinal cord near the

cell bodies of the alpha motorneurons which they presumably

influence (Figure 3, from Orlovsky and Feldman, 19?2b)0  Neurons

located outside the ventral horn usually showed no locomotor

rhythm in the absence of afferent inputs0

Although the exact neural network of the intrinsic spinal

generator of locomotion has never been recorded from, it is now

possible to estimate its organization in terms of the following

requirements„  The spinal generator is responsible for the

following observed phenomena in fish: (l) waves of contraction

pass either forwards or backwards along the spinal cord of

fish, making it possible for fish to swim either forwards or

backwards; (2) waves of contractions may begin at any point

along the body, i.e0 in any spinal segment; (3) contraction

waves on opposite sides of the body are mutually exclusive, ie.

waves follow each other in succession, first on one side of the

body and then on the other; (4) contraction waves move faster

as the excitation level of swimming becomes greater, i0e. as

fish swim harder and faster, the waves of contraction move along

the body at faster rates.
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The hypothetical neural network of the intrinsic spinal

generator of locomotion is shown in figure 4.  It illustrates the

situation in primitive fish without paired fins, such as the

lamprey or hagfish, and it ignores the role of peripheral sensory

feedback which will be dealt with later in figure 6. The heart of

the network are pools of oscillatory neurons on each side of each

spinal segment in the spinal cord.  These pools or neurons are

mutually facilitatory both within their own segment and with

adjoining segments.  They are not connected to the pools of

oscillatory neurons on the opposite side of the spinal segment,

however.  When they reach a certain threshold level of activity

they ignite the adjacent segments and initiate a wave of activity

which spreads the length of the spinal cord on one side.  The

oscillatory neurons probably do not excite the alpha motorneurons

which go to the swimming muscles with direct monosynaptic

connections, but they probably excite them by way of an interneuron

which I have labeled as (T) driver because it projects to alpha

motorneurones of trunk musculature, driving them.

If only excitatory interneurons were involved in the neural

network of the intrinsic spinal generator, then one would

expect excitation to build up to a climax on one side of the

body causing the muscles on that side to go into a persistent

state of contraction; the fish as a consequence would bend like

a hoop to the side of the excitation and remain immobile.

Instead, there must be at least two inhibitory interneurons,

one of which extinguishes the wave of excitation as it passes

along the body, and the other of which determines that the

opposite sides of the body are in opposite phases of

contraction at any given moment. The interneuron which
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extinguishes the locomotor wave has been called the (N) interneuron

(negative feedback interneuron). It receives excitation from the

(T) interneuron, and then inhibits the oscillator pool, only

turning off the wave at that segment, while allowing the wave to

pass freely away from its point of origin and spread into adjacent

segments0  There may be some delay in this feed back inhibition

system which allows the oscillator pool to fully excite the trunk

interneurone and alpha motorneuron before the feedback inhibition

extinguishes the source of the excitation.  The interneuron which

inhibits the pool of oscillator neurons on the opposite side of

the segment has been called the {X)(crossed) interneuron, It is

similar to the (N) interneuron, but its projections go to the

opposite side of the spinal segment, and to adjoining segments on

the opposite side as well.  In addition, it is probably engaged in

a mutually inhibitory relationship with its counterparts on the

opposite segment, further sharpening the all-or-none character of

the mutual inhibition of the locomotor wave on the two sides of

the body. There is an important consequence of the hypothesis that

the negative feedback inhibitory interneurons have projections which 

are restricted to their own segment, while the crossed inhibitory

interneurons have projections which go not only to the opposite

segment, but to adjoining opposite segments as well. By the time

the feedback inhibitory interneuron turns off the oscillator

interneurons, the wave of excitation has already moved to adjoining

segments. The crossed inhibitory interneuron suppresses activity

in adjoining segments as well, however, and ensures that two

contraction waves cannot pass down the body in symmetrical fashion,

i.e. working against each other.

There is probably at least one other spinal interneuron of the
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intrinsic spinal generator of locomotion which projects the length

of the spinal cord on one side only and ensures that the locomotor

wave is of a constant phase length along that side. Such

interneurons with longitudinal projections within the spinal cord

have been demonstrated in the lamprey (lateral cells), although

their exact synaptic relationships have not been determined,,

Similar cells are probably involved in the regular phase

relationships between fore and hind limbs in land animals as well.

The paired pectoral and pelvic fins of more advanced fish are

probably driven by a slight modification of the intrinsic spinal

generator, as shown in figure 5. As the locomotor wave passes by

the fin, it is first protracted or flexed forward, and then

retracted or extended backwards. The oscillatory interneurons for

the flexors are located in segments anterior to the fin, while

those for the extensors are located posterior to the fin, thus

ensuring that the fin will move in coordination with the locomotor

wave. The interneurons which drive the, flexor and extensor alpha

motorneurons are simple modifications of trunk interneurons in the

appropriate segments.

As mentioned in the beginning of this chapter, peripheral

sensory feedback plays an important role in locomotion by

strengthening and/or dominating the intrinsic spinal locomotor

system.  In the dogfish shark an imposed sensory input can

override the intrinsic spinal rhythm and dominate the locomotor

rhythm (Grillner and Wallen, 1977, Brain Research. 127: 291)„ The

sensory receptors which mediate this affect in the normal animal

have been investigated by Roberts (J. exp. Biol, 51: 775, 1969),

who found that they consisted of proprioceptors located just under

the skin and which respond to bending of the body.  The precise
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synaptic relationships of these proprioceptor neurons to the

intrinsic spinal oscillator have not been determined by

neurophysiological recording, but it seems likely on logical

grounds that they project directly to the oscillator interneurons

themselves within their own segment and thereby strengthen ongoing

activity, or initiate new activity. This hypothetical relationship

has been illustrated in figure 6.

Peripheral sensory feedback also plays a major role in the

locomotor mechanism of land animals, as mentioned in the beginning

of the chapter0 There is some type of sensory receptor associated

with hip extension which initiates flexion of the leg once the hip

has become fully extended. Other sensory receptors from the pad of

the foot strengthen the extension of the leg as soon as the pad of

the food reaches the ground. A third set of receptors located on

the dorsal surface of the foot are involved in a set of reflexes

which depend upon the stage of ongoing locomotor activity; during

flexion it strengthens the flexion and during extension it

strengthens the extension (Forssberg, Grillner, and Rossignol, Brain

Research, 132: 121, 1977). This latter reflex probably aids the

animal in overcoming obstacles during locomotion. The actions of

all three sets of sensory receptors may "be understood as direct

strengthening of the oscillatory neuron activity which underlies

locomotion. As such, they parallel the effect of the subcutaneous

proprioceptors of fish. Receptors of hip extension may project to

the oscillator interneurons for flexion, receptors from the foot pad

may project to the oscillator interneurons for extension, and

receptors from the dorsal surface of the foot may project to both

sets of oscillator interneurons. These hypothetical relationships

have been illustrated in figure 7.
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Perhipheral feedback from other limbs can be effective in the

maintenance of the locomotor rhythm, but peripheral feedback from

the same limb is dominant over that of other limbs. This has been

demonstrated in an elegant experiment by Orlovsky and Feldman

(l972a) as illustrated in figure 7b. 
 
Recordings were made of alpha

motorneuron activity in the ventral root of a freely suspended

decerebrate cat with electrodes in the locomotor region of the

midbrain.  The ventral roots were cut distal to the recording site

to eliminate muscle activity of that leg in response to the

motorneuron activity. As long as the leg was allowed to hang

pasively, the alpha motorneuron activity followed the rhythms

established in the other legs in response to the brain stimulation

of locomotion. However, when the limb was moved passively at a rate

which conflicted with the rate of movement in the other limbs, the

ventral root activity paralleled the peripheral feedback from the

passive movement of its own limb rather than following the feedback

from other limbs.

Peripheral feedback from locomotion may occur from the same

limb, the opposite limb, or from the other pair of limbs. Results

from the early experiments using dogs on a treadmill suggest that

influence of forelimb sensory feedback on the hindlimbs is more

powerful than the opposite influence (Shik and Qrlovsky, 1965).

When a dog was harnessed and lowered so that only the forelimbs

touched the treadmill, the hindlimbs moved in synchrony with them.

When the dog was lowered so that only the hind limbs touched the

treadmill, however, the forelimbs often failed to move.

Some aspects of the spinal mechanisms of locomotion can be

deduced by observations on the firing patterns of the alpha

motorneurons which constitute the final common pathway of the
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nervous system to the muscles. Orlovsky et al (1967) have recorded

during locomotion from alpha motorneurons which go to muscles active

during specific phases of locomotion. A recording from one such

neuron, a contributor to ankle joint extension, is shown in Figure

8. This figure illustrates one important finding of their study:

an increase in locomotor intensity is obtained by an increase in

the number of participating motorneurons, not by an increase in

firing rate or duration by individual motorneurons. A second

important finding may be seen in this figure by careful

examination of each individual train of impulses. Each train

describes a rough sine function, that is the interpulse interval is

greatest at the beginning and end of the train and shorter in the

center. This is similar to findings in invertebrate locomotor

systems in which there is an underlying sine wave generator of the

locomotor rhythm.
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SYSTEM TWO: THE RETICULOSPINAL COMMAND SYSTEM

The second locomotor system, corresponding to stage two of

vertebrate locomotion, consists of reticulospinal fibers from

the brain to the spinal cord which function as a throttle or

command system for locomotion. As mentioned in the

introduction, reticulospinal cells are found in the midbrain,

isthmus and medulla of the lamprey, where they are called

Müller cells.  Locomotor type movements are produced when they

are individually stimulated at rates of 50-100 per second

(Rovainen, 1967). Recent work in which swimming was produced in

teleost fish by electrical stimulation of the midbrain suggests

that those effects also were mediated by reticulospinal fibers

(Kashin at al, 1974).

Considerable data have been obtained which show that the

spinal locomotor system of the decerebrate cat is under the

command of reticulospinal neurons located in the medulla and pons.

At least two types of reticulospinal neurons must be

distinguished. The first type, which we will refer to as the un-

myelinated noradrenergic reticulospinal system (RSa) probably

corresponds to the most ancient phylogenetic system.  It consists

of small bodied cells which stain for norepinephrine and which

have unmyelinated, slow conducting axons. Its cells bodies are

located in the ventral-lateral medulla, and it has been called the

Al reticulospinal system (Dahlstrom and Fuxe, 1964).  It projects

to the spinal cord where it synapses on interneurons, releasing

the transmitter norepinephrine.  Its action may be mimicked by

intravenous administration of DOPA, which releases norepinephrine

or clonidine which stimulates the noradrenergic receptors and it

may be blocked by the noradrenergic blocking agent
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phenoxybenzamine (Grillner, 1973). The second reticulospinal system

consists of neurons with large cell bodies and large, myelinated,

fast conducting axons.  It arises in the dorsomedial pons and

medulla (Brodal, 1969) and its axons travel in the dorsal (Engberg et

al, 1968) or ventral (Jankowska et al, 1968) funiculus of the spinal

cord. We will refer to this as the myelinated reticulospinal system

(RSm).

Comparisons of the two reticulospinal systems are made

difficult by the fact that data have been obtained from them by

very different methods, although each system has been implicated

in the initiation of locomotor activity. The myelinated

reticulospinal system has been studied by micro-electrode

recording during controlled locomotion in the decerebrate cat

(Orlovsky, 1970a). Its pharmacological properties are not yet

known. The unmyelinated reticulospinal system has been studied by

mimicking its action with pharmacological agents and studying

their effects on neuronal interactions in the spinal cord

(Grillner and Shik, 1973). The neuronal activity of the

unmyelinated reticulospinal system has not yet been investigated,

however.

Until more data become available it is difficult to specify the

phylogeny of the two reticulospinal systems in mammals.,  The

myelinated reticulospittal system of mammals appears to correspond to

the Müller cells of the lamprey. In the lamprey which does not

possess myelin these cells achieve fast conduction velocity in their

axons by virtue of relatively enormous size, axons up to a millimeter

in diameter.  In other vertebrates fast conduction velocity is

achieved by moderately large axon diameter and pronounced

myelinization. The predecessors of the unmyelinated noradrenergic
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reticulospinal system have not been demonstrated in the lower

vertebrates.  It is not known, for example, if DOPA or clonidine

administration can elicit swimming in the spinal lamprey or fish in

the same manner as it elicits walking in the spinal cat.

The activity of myelinated reticulospinal neurons has been

recorded directly from decerebrate cats during locomotion elicited

by electrical stimulation of the midbrain or elicited

spontaneously in thalamic cats (i.e., after removal of the

forebrain anterior to the thalamus). In these experiments by

Orlovsky (1970a), the reticulospinal cells were identified by

antidromic stimulation from the spinal cord and their locations

found in the dorsomedial medulla and pons (shaded areas of Figure

9a and 9b). Reticulospinal cells are not active while the cat is

at rest, but during locomotion they become active in

correspondence with the latency and the intensity of the locomotor

behavior. An example is shown in Figure 9c. After the onset of

brain stimulation, first the reticulospinal cell begins to fire,

and then immediately afterwards the first signs of limb movement

begin to appear. About a second after reticulospinal activity and

two seconds after the onset of stimulation, the full locomotor

pattern develops. Increasing the strength of brain stimulation (at

arrow) leads first to an increased rate of firing of

reticulospinal neurons and then to a faster rate of locomotion.

Termination of brain stimulation results first in a decrease of

reticulospinal activity, and then after a few more seconds in the

cessation of locomotion. It may be noted that when it first begins

the reticulospinal activity is not rhythmic, but that after

several seconds it establishes a rhythmicity corresponding to that

of the locomotion. In a later paper (Orlovsky, 1970b), it was shown
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that the reticulospinal rhythmicity is due to cerebellar influences

which are superimposed upon the basic activity of the myelinated

reticulospinal system, the latter being independent of the

cerebellum (Orlovsky, 1970c).



Adams 1975/1977                          38

Pharmacological stimulation of the noradrenergic

reticulospinal system produces locomotor activity in the hindlimbs

of the spinal cat which is similar to that of the chronic

decerebrate or the normal cat in many important respects

(Grillner, 1973). The cat's hindlimbs walk on a treadmill with a

speed dependent upon the treadmill speed. The EMG activity cycles

of major muscles are similar to those of the intact cat during

locomotion, including the beginning of extensor activity before

the foot touches the ground. At lower speeds the two hindlimbs

alternate as in a walk or trot, while at higher speeds they are

synchronized as in a gallop.

The anatomical connections of the two reticulospinal systems

are partly similar, partly different, and partly still unknown.

The myelinated reticulospinal system receives inputs from the

locomotor region of the midbrain, the posterior hypothalamic

region, the pyramidal tract, and the cerebellum. The unmyelinated

reticulospinal system receives inputs from the midbrain locomotor

region, but its other inputs have not yet been studied. The

outputs of the myelinated reticulospinal system are not well

known, although they included both monosynaptie and polysynaptic

inhibitory effects on both alpha and gamma extensor motorneurons.

The output of the unmyelinated noradrenergic reticulospinal system

consists of inhibitory synapses on one of the links in the

intrinsic spinal generator of locomotor rhythms. The anatomy and

physiology of these connections will now be considered in greater

detail.
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Although the exact spinal connections of the noradrenergic

reticulospinal system are not yet known, a hypothetical diagram has

been proposed by Jankowska et al (1967) as shown in figure 9b. The

descending axons are thought to inhibit a short-latency FRA reflex

called pathway "A" and release a long-latency FRA reflex via pathway

"B" which under resting conditions is restrained by tonic

Inhibition from pathway "A". Pathway "B" corresponds to the

intrinsic spinal oscillator system which was shown already in figure

5'  The actual spinal interneurons corresponding to "A," "B," and

the inhibitory interneurons between them have not yet been

identified, although one would expect them to be located in the

dorsal horn of the spinal cord.

Although the brain pathways which affect the noradrenergie

reticulospinal neurons in the pons and medulla are not yet known

directly, there are indirect data that these neurons are activated

by stimulation of the locomotor region of the midbrain, just as the

myelinated reticulospinal system is activated by stimulation of that

region, The direct data have been proved by Grillner and Shik

(1973) who showed that both DOPA administration and midbrain

locomotor stimulation change the spinal cord activity so that FRA

stimulation produces long-latency, long-duration discharges in

ipsilateral flexor motorneurons.

The myelinated reticulospinal neurons are affected by several

higher brain regions, with monosynaptic connections from the

locomotor region of the midbrain, the posterior hypothalamic region,

the pyramidal tract, and the cerebellum. The monosynaptic

projections from the locomotor region of the midbrain are

apparently responsible fur the brain stimulation effects which have

been used in most of the experiments described here. The posterior
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hypothalamic region effects are apparently responsible for the

spontaneous locomotion of the thalamic cat. The pyramidal tract

fibers are interrupted in the decerebrate preparation and not

usually analyzed. And, as mentioned above, the cerebellar

projections modulate the activity of reticulospinal neurons and

superimpose a rhythm corresponding to that of the locomotion. In

addition to this list of higher brain influences, one might add

the tecto-bulbar projections investigated by Peterson et al (1974).

Fibers from the locomotor region of the midbrain project

monosynaptically to myelinated reticulospinal neurons as shown in

Figure 10. This was shown by Orlovsky (1970a) who obtained all or

nothing excitatory post-synaptic potentials in reticulospinal

neurons with a latency of one half millisecond after a shock

applied to the locomotor region of the midbrain. There were

monosynaptic projections from both the ipsilateral and contra-

lateral sides, although the ipsilateral side had a lower effective

threshold of stimulation.

As one would expect from the hypothesis that the myelinated

reticulospinal neurons mediate the effect of locomotor region

stimulation, there is a remarkably close correspondence between (a)

the onset and intensity of locomotor region stimulation; (b) the

latency and the impulse frequency of reticulospinal neurons, and

(c) the latency and the speed of locomotion as measured in

meters/second. The correspondence may be seen graphically in

Figure 11, the data having been drawn from Shik et al (1966a) and

Orlovsky (1970b). As stimulus intensity of the locomotor region is

increased from 28 to 33 volts, the latency of reticulospinal

response decreases from 1.7 to 0.5 seconds and the latency of

locomotion decreases from 5 to 2 seconds. Once again it may be seen
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that reticulospinal activity precedes locomotor activity. Also, as

stimulus intensity of the locomotor region is increased, both the

firing rate of reticulospinal neurons and the velocity of

locomotion increase as a logarithmic function. Exact comparisons

cannot be made from available data since stimulus intensity has

been variously reported as voltage and as current levels.  In

general, however, it has been demonstrated that locomotor intensity

is a function of reticulospinal activity which is, in turn, under

direct control of the locomotor region.

The locomotor region effect upon the myelinated reticulospinal

neurons is independent of the pyramidal system, the posterior

hypothalamic region, both of which are removed in a decerebrate

animal, and the cerebellum, which may be removed without altering

the effect. In addition, the effect may be obtained in a

relatively intact animal. Sirota and Shik (1973) have obtained

locomotion from midbrain stimulation in cats with lesions placed

in the mid-line thalamus in order to remove affective components

of the reaction which would otherwise complicate the locomotor

effects.

The posterior hypothalamic-subthalamic region also influences

the myelinated reticulospinal neurons directly with monosynaptic

excitation (Orlovsky, 1970a).  Stimulation of this region produces

locomotion by a direct pathway to the reticulospinal system, the

anatomy of which has yet to be described. The intensity of

locomotion can be altered by appropriate changes in the intensity

of posterior hypothalamic stimulation, although the situation is

complicated by the frequent elicitation of emotional reactions

which interfere with locomotion at higher intensities.

The effect of the posterior hypothalamic-subthalamic region



Adams 1975/1977                          45

upon the myelinated reticulospinal system is independent of the

locomotor region since it is not altered by lesions of the

locomotor region. The locomotor effect from stimulation of the

locomotor region summates with the effect from posterior

hypothalamic stimulation (Orlovsky, 1969). On a single neuron

level, it has been shown that the posterior hypothalamus and the

midbrain locomotor region project to identical reticulospinal

cells and their post-synaptic potentials summate (Orlovsky,

1970a).

These data on the posterior hypothalamus and reticulospinal

control of locomotion help explain some rather well-known effects

of posterior hypothalamic lesions and different levels of

decerebration.  Lesions of the posterior hypothalamus have been

shown by many investigators to produce animals which are very

inactive. Conversely, decerebration which leaves the posterior

hypothalamic region intact (thalamic preparations) produces an

animal which locomotes continuously, or at a very low threshold of

sensory or electrical stimulation. One may suppose that the

posterior hypothalamus is under tonic inhibitory control from the

forebrain and that when the forebrain is removed it becomes

spontaneously active and elicits locomotion via its projections to

the reticulospinal system.

The exact cells of origin and the functions of the pathways

from the posterior hypothalamus-subthalamus and from the locomotor

region of the midbrain have not yet been determined. One would

like to see experiments in which single neurons were recorded in

these two regions and driven antidromically by electrical

stimulation of the area where reticulospinal neurons may be found.

Also, one would like to know more about the functional
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significance of these two systems. Might they, for example,

correspond to systems of approach and withdrawal which have been

hypothesized by many animal behaviorists (e.g. Schneirla, 1959)?

And what are the sensory inputs into the cell of these two regions

which are responsible for locomotor effects?

The corticospinal (pyramidal) tract also projects to

myelinated reticulospinal neurons with monosynaptic and

polysynaptic connections. If the pyramidal tract is cut below the

level of the reticulospinal system, then electrical stimulation of

the tract can produce locomotion. If the pyramidal tract is not

cut, however, and a direct pathway remains from the cortex to the

spinal cord, one is more likely to obtain non-locomotor effects

from stimulation rather than locomotor effects. Is the locomotor

effect due to direct monosynaptic excitation of reticulospinal

neurons, or does it come by way of a relay in the locomotor

region? The answer to this question is still not clear. The

pyramidal tract effect is abolished by lesions which completely

destroy the locomotor region of the midbrain. But it is possible

that the latter is necessary to provide a sufficient level of

background excitation of reticulospinal cells upon which pyramidal

inputs could summate (Shik et al, 1968).

Myelinated reticulospinal neurons are also under monosynaptic

influence of fibers from the cerebellum and the tectum. The

cerebellum has been shown to modulate reticulospinal activity in

phase with locomotion, an effect to be discussed later in some

detail. The tectospinal effects have not yet been studied in

regard to locomotion.

The spinal projections of the myelinated reticulospinal

neurons are different from those of the noradrenergic
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reticulospinal neurons.  Unlike the latter, they activate the

intrinsic spinal locomotor system. Whereas stimulation of the

noradrenergic neurons releases the long-latency, long-lasting FRA-

induced spinal discharge seen during locomotion or after DOPA

injection, stimulation of the myelinated neurons does not have

such an effect (Grillner and Shik, 1973).  The myelinated neurons,

instead, project directly to the oscillatory neurons of the intrinsic spinal

locomotor system as well as to alpha and gamma flexor motorneurons and

inhibitory interneurons (Hultborn, 1972) as will be described in detail under

the section concerning cerebellar control.

Although reticulospinal neurons are known to project to both the

forelimb and hindlimb portions of the spinal cord, evidence suggests

that the more powerful locomotor influence is upon the hindlimbs.

Locomotion elicited by stimulation of both the locomotor region and the

posterior hypothalamus often elicits walking in the hindlimbs before it

begins in the forelimbs, and sometimes the walking develops only in the

hindlimbs. Similarly, at the termination of stimulation, the walking

often continues in the hindlimbs after it has ceased in the forelimbs.

These effects may be seen figures from Shik et al (l966a) and Orlovsky

(1969).

The hypothetical connections of the reticulospinal system

of fish are shown in figure 12. Since the unmyelinated

noradrenergic neurons have not been demonstrated in fish,

only the myelinated neurons are shown. They receive two main

inputs: the locomotor region of the midbrain (MB) and the

posterior hypothalamus (PH), the latter being under tonic

inhibition from the forebrain.  The spinal projections of the

myelinated reiiculospinal neurons are shown to the oscillator

interneurons in several adjoining spinal segments for the
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particular reticulospinal neuron illustrated. Since the

reticulospinal neurons of higher vertebrates show rhythmic

activity in phase with that in certain spinal segments, it may

be supposed that various reticulospinal neurons may initiate

locomotion in different parts of the spinal cord.  The

coordination of reticulospinal activity with ongoing intrinsic

spinal activity is probably achieved by ascending projections

of the spino-reticular tract (SRT) which projects to the

lateral reticular nucleus (LRN) adjacent to the reticulospinal

neurons themselves. According to this hypothesis, there is a

large circular feedback loop which strengthens locomotion; it

proceeds from the oscillator interneurons to the driver

interneurons (l) to the spino-reticular tract neurons (SRT) to

the lateral reticular nucelus (LRN) to the myelinated

reticulospinal neurons (ReSm) and then back to the oscillator

interneurons of the original segment involved. Locomotion

could conceivably be initiated anywhere along this loop, by

inputs to the reticulospinal neurons from higher brain

centers, by inputs within the spinal cord to the oscillator

interneurons, and also by inputs to the spinoreticular

neurons.  There is evidence for input to these latter neurons

from various peripheral sensory systems, and therefore an

input has been shown in figure 12 from the peripheral sensory

proprioceptors to the spinoreticular neurons.
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SYSTEM THREE: DIRECTIONAL CONTROL AND STABILIZATION

In contrast to amphioxus: or the hagfish, the higher fish-like

vertebrates have sophisticated stabilization systems which keep

them oriented while swimming. The amphioxus does not swim often,

and when it does it is quite unstable (Young, 1962). The hagfish

sways when it swims (not even in the same plane all the time) and

sometimes rotates like a screw (Adam, I960). The lamprey and most

fish, however, are more stable swimmers. There are few data on the

mechanisms of this stability except for a series of elegant

experiments by Von Holst on the role of the vestibular otolith

organs and their interaction with visual stimuli in the maintenance

of static posture in fish (reviewed by Pfeiffer, 1964). The

otolith organs and the semicircular canals of the vestibular system

are sensitive to static tilt and dynamic rotational acceleration;

they project to vestibular nuclei in the medulla which in turn

project to the spinal cord by way of the vestibulospinal tract.

These spinal projections presumably alter the strength of locomotor

contractions and the movements and angles of fins in order to guide

and stabilize the body during swimming. No doubt the reticulospinal

system is also involved, but we have little data on this question as

yet.

In land animals the vestibulospinal system performs an

analagous function, except that fins are replaced by limbs with

anti-gravity postural systems, and turning is fractionated into two

components by the evolution of the neck. The latter is under the

control of a new supraspinal tract, the tectospinal tract, which

will be discussed in the next section.
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Work with the decerbrate cat preparation has contributed major

insights into the role of the vestibulospinal system in the control

of equilibrium both at rest and during locomotion. Before

analyzing the system, however, it is necessary to distinguish two

phylogenetic levels of operation. A more ancient level (corresponds

to system three) may be observed in the animal from which the

cerbellum has been removed; a more recent level (corresponding to

system five) may be observed in the intact animal in which the

cerebellum overshadows and modifies vestibulospinal function.

After removal of the cerebellum in a decerebrate cat, one can

easily see the functional significance of vestibulospinal cells in

the maintenance of the upright stance. The cells respond directly

to tilting of the animal, and they project directly to

motorneurons which go to extensor muscles on the same side of the

body. The response to tilting of the animal, as recorded by

Orlovsky and Pavlova (l972b) is shown in Figure 13. A relatively

high baselines firing rate (mean of 35/sec) is increased by

tilting to the ipsilateral side (mean of 44/sec) and decreased by

tilting to the contra-lateral side (mean of 29/sec.) Only a small

percentage of cells, usually with higher baseline firing rates,

show no response to tilting. The response to tilting may be

considered a direct function of the inputs to the lateral

vestibular nucleus from the utriculus and sacculus of the inner

ear, since the responses of the latter are very similar (Loe et

al, 1973). Functionally, one can see that tilt to the ipsilateral

side would produce extension of the limbs on that side through the

vestibulospinal system, thus maintaining the upright posture.

During locomotion the vestibular effects are abolished or

greatly reduced, however. In the decerebrate cat without
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cerebellum,the baseline firing rate of vestibulospinal neurons is

great increased during locomotion (from 29/sec to 60/sec according

to Orlovsky, 1972b) and there is no longer any pronounced

vestibular effect (Orlovsky and Pavlova, 1972a.) Neither the

mechanisms of the baseline firing rate increase, nor the mechanism

of the decreased vestibular effect is yet known. The cerebellum,

which is one of the most important vestibulospinal inputs in the

normal animal can be ruled out since it is removed in the

experimental preparation. Nor can the vestibular organ itself be

responsible for the increased baseline firing rate during

locomotion since the animal's head is held securely in a

stereotaxic apparatus and tilt is under complete control of the

experimenters. Orlovsky and Pavlova (1972a) have suggested that

the decreased response to tilt during locomotion could be due to

inhibition of vestibular afferents by means of efferent fibers in

the vestibular nerve. They have not speculated about the origin of

the increased baseline firing rate of vestibulospinal neurons

during locomotion; one possibility would involve the reticulo-

vestibular projections which have been demonstrated by the

Scheibels (1958).

The decreased vestibular response during locomotion may

function to protect the animal against undue influences from head

and body movements during locomotion (Orlovsky and Pavlova,

1972a). Normal locomotion requires the allowance of a certain

amount of body sway and deviation from the upright orientation.

Vestibular excitation is potentially most powerful during

ipsilateral tilt which occurs during the portion of the locomotor

cycle in which flexion occurs and at which time a reflex

excitation of extensors would conflict with smooth locomotion.
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With the cerebellum intact, the vestibulospinal neurons are

also unresponsive to tilt during locomotion, but their response to

tilt in the resting state is somewhat altered. The baseline firing

rate is considerably lower and the response to tilt consists of a

dynamic response in contrast to the static response of animals

without a cerebellum. The dynamic versus static responses may be

seen in Figure 13.  In the animal with intact cerebellum there is

an immediate dynamic response to ipsilateral tilt, but the firing

rate returns quickly to baseline even if the tilt is maintained in

the new position. This is in contrast to the maintained static

discharge of vestibulospinal cells in the animal without

cerebellum if the new position is maintained. The synaptic

organization of the cerebellar effect is not yet known although

there are a number of anatomical pathways by which it could take

place including direct inhibitory connections from cerebellar

Purkinje cells and indirect connections from Purkinje cells via a

synapse in the fastigial nucleus.

The actions of the vestibulospinal system and its synaptic

organization have been summarized in Figure 14.  Under resting

conditions in the upright posture (Figure 14a) the vestibular

receptors (Vest) are under tonic excitation, indicated by the

double circle, and they excite vestibulospinal cells (VS) which

project to extensor motorneurons on the same side of the body. The

influence is damped by tonic inhibition from Purkinje cells of the

cerebellum, however. When the animal tilts to one side, however,

the vestibular receptors on that side increase in firing rate,

while those on the other side decrease in firing rate. Hence the

vestibulospinal tract and extensors are more facilitated on the

side towards which the tilt occurred and the animal is brought
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back upright.  During locomotion, shown in Figure 14B, the actions

of the vestibulospinal system are greatly modified. Vestibular

receptors are directly inhibited from responding to tilt, while

the vestibulospinal neurons themselves increase in baseline firing

rate.  In the schema both effects have been attributed to

collaterals from the reticulospinal neurons (ReSm), although direct

data are not yet available on this connections.

At this point it is possible to synthesize a schema (figure

15) to represent the mammalian systems of locomotion which were

inherited from fish ancestry. The schema has been constructed by

overlay of the intrinsic spinal locomotor system (figure 5}, the

reticulospinal command system (figure l2), and the vestibulospinal

stabilization system (figure 14).

One other pair of pathways must be added at this point: the

ventral spino-cerebellar tracts (VSCT) which derive their inputs

from the driver cells of the intrinsic spinal locomotor system,

and which project to the cerebellum. Although the anatomy of these

tracts is known from the fish (Hayle, J. comp. Neurol. 149: 477,

1973), their functional physiology has not been determined by

direct recording. Their synaptic relationships have been deduced

here by extrapolation from mammalian data (Lundberg, Exp. Brain

Res. 12: 317, 1971 and Arshavsky et al, 1972d and 1972e).  In the

mammal the VSCT cells which signal flexor activity are located in

the marginal zone, and those cells which signal extensor activity

are located in the dorsal horn.  Hence, the cells have been labeled

as MZ and DH respectively in the figure.
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SYSTEM FOUR: POSTURAL MAINTENANCE AND ITS INTEGRATION

WITH LOCOMOTION

In stage four of locomotor phylogeny, the emergence of the

vertebrates onto land, there are many profound changes in the

mechanisms of locomotion. The mechanisms of guidance and

stabilization (system three) become more complicated with the

appearance of the neck and its control, not only by the

vestibulospinal system, but also by a new supraspinal tract, the

tectospinal tract. But the most profound change in locomotion does

not involve a new supraspinal system; in fact, it hardly involves

the brain at all, but is at the level of the muscles themselves and

the spinal cord.. It consists of an anti-gravity postural

maintenance system (system four) and its integration with

locomotion.

The role of the tectospinal tract in locomotion has not yet

been investigated in the decelerate cat preparation on the

treadmill, although workers in the same laboratory have published

data on turning induced by stimulation of the tectal region in free

moving cats (Sirota, 1973). As pointed out in the introduction,

there are data, especially from amphibia, which show that the

tectum, and probably the tectospinal tract, is responsible for the

movement of the head (and body) towards a potential prey object

(Rubinson, 1968; Ewart, 1970).  A recent study has also shown that

the tectum is necessary for the orienting reflex during locomotion

in the rat (Goodale and Murison, 1975), although it is not

necessary for visual discrimination procedures which do not require

shifts in visual fixation.

The anti-gravity postural system include new specialized

receptors (the stretch receptors) located on modified muscle fibers
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(the intrafusal fibers) as shown in Figure 16.  The axons from the

stretch receptors synapse directly upon alpha motorneurons projecting

to their own muscles. Hence any passive stretch of the muscle (and its

intrafusal fibers and stretch receptors) is immediately resisted by a

reflex contraction of the muscle, and hence postural tone is maintained.

This reflex, the so-called monosynaptic stretch reflex, is the simplest

and the most extensively studied of all reflexes.

There are at least two kinds of stretch receptors in most land

vertebrates, one with a strong rapid response to initial stretch but with

little response to a maintained stretch (dynamic receptors) and the other

with steady response to maintained stretch (static receptors). Both are

active during locomotion, however (Ferret and Berthoz, 1973), and it has

not yet been established if they carry out different functions during

locomotion. For that reason, they will not be distinguished in the

present formulation.

The anti-gravity postural system and the locomotor system are

intrinsically antagonistic. The postural system maintains limb extension;

the locomotor system produces limb flexion and extension in alternation.

The antagonism is vividly illustrated in the pathological condition of

decerebrate rigidity (Figure 1?) in which the postural system is

hyperactive arid locomotion is not possible. Decerebrate rigidity was

extensively studied by Sir Charles Sherrington, and he characterized the

antagonism between postural and locomotor systems as follows;

Two separable systems of motor innervation appear thus
controlling two sets of musculature; one system exhibits those
transient phases of heightened reaction which constitute reflex
movements (e.g. locomotion); the other maintains that steady
tonic response which supplies the muscular tension necessary to
attitude....the very muscles that to the observer are most
obviously under excitation by the tonic system are those most
obviously inhibited by the phasic reflex, system.

——Sherrington, 1906, p. 302
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In addition to the newly evolved postural system, there was a need

in the earliest land animals for a mechanism which would inhibit postural

mechanisms during locomotion and would allow the animal to

literally "fall into motion." Two separate processes were needed

whenever the locomotor system was in operation and demanding

flexion of the limb: one process to inhibit the stretch reflexes

of the antagonistic muscles which would otherwise oppose the

desired movement; the other process to strengthen the desired

movement by enlisting the stretch reflex from the contracting

muscles. Two new neural pathways evolved in the first land animals

to mediate these processes: the first pathway consisted of a set

of "reciprocal inhibitory" neurons by which the locomotor system

could inhibit antagonistic motorneurons at the same time as it

excited the motorneurons for the desired movement; the second

pathway consisted of collaterals of the alpha motorneurons out to

the intrafusal fibers of the corresponding muscles, causing them

to contract and stimulate the stretch reflex during the

contraction of the muscle.

Data on the reciprocal inhibitory interneurons have been

obtained in acute experiments in amphibia (Kubota and Brookhart,

1963) and during treadmill locomotion in the decerebrate cat

(Feldman and Orlovsky, 1975).  Indirect data on this system were

first obtained at the beginning of the century, however, by

Sherrington and his collaborators (see Liddell and Sherrington,

1924). Physiological experiments have shown that the reciprocal

interneurons receive two complementary, excitatory inputs: one

input from the stretch receptors of the muscles being activated

for the desired movement; the other input from the intrinsic

locomotor mechanism itself (Feldman and Orlovsky, 1975). The
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reciprocal interneurons monosynaptically inhibit the motorneurons

of antagonistic muscles (Jankowska and Roberts, 1972b). They are

active after DOPA administration which excited the intrinsic

locomotor system and which mimicks locomotion (Fu, Jankowska and

Lundberg, 1975), as well as during treadmill locomotion of the

decerebrate cat. Both the cell bodies and their axonal projections

of the reciprocal inhibitory interneurons have been traced in the

ventral horn of the spinal cord (Jankowska and Roberts, 1972a).

Data on the alpha motorneuron collaterals to intrafusal fibers

in amphibia have been obtained using both anatomical and

physiological techniques.  After the motor nerve arrives in the

muscle and breaks up into individual axons, these axons branch and

innervate adjoining intrafusal and extrafusal fibers within the

muscle (Gray, 1957). When the motor nerve is stimulated by an

electrode, it is possible to simultaneously record not only a

muscle contraction due to extrafusal fiber activation, but also an

activation of stretch receptor afferents from the same muscle due

to intrafusal fiber activation (Murthy and Taylor, 1970). In this

way the strength of contraction is increased by a positive

feedback activation of the monosynaptic stretch reflex to the

motorneurons involved in the activity (Holemans, Meij and Meyer,

1966).

The spinal integration system for locomotion and posture at

the level of the amphibia is illustrated in figure 18. Like the

spinal system inherited from the fish, there is an intrinsic

oscillator system of flexor and extensor interneurons with inputs

from the reticulospinal system and flexor reflex afferents (not

shown) and with outputs to the flexor and extensor motorneurons

respectively.  But, in addition, in the land animals, collaterals
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develop from the axons of the flexor and extensor interneurons,

and these collaterals, by way of the reciprocal inhibitory

interneurons, serve to inhibit the motorneurons of antagonistic

muscles.  Furthermore, in the land animals, collaterals also

develop from the axons of the motorneurons, and these collaterals,

by their activation of intrafusal muscle fibers, and by the

ensuing monosynaptic stretch reflex, serve to reinforce the

motorneurons for the movement in question.  In sum, there is a

postural system utilizing the monosynaptic stretch reflex, which

keeps the animal upright, but there are also two types of pathways

which become active during locomotion, which defeat the postural

system, and which allow locomotion to take place.

The system of alpha motorneuron collaterals to intrafusal fibers

gives the amphibian very little postural flexibility. With such a

system, the amphibian, and to a certain extent, reptiles and birds

as well, are capable of only a few stereotyped postures. Movement

simply translates the animal from one stereotyped pose to another,

as has been pointed out by Bernstein:

Lizards, snakes, many brooding birds (eagles, parrots, etc.)
are as rigid as statues in the intervals between voluntary
movements. Reptiles show particularly clearly a statue-like
stiffening of the body as soon as successive voluntary
movements cease.  If a lizard turns head to tail its body
and limbs are motionless as sculpture. Mammals, apparently
in healthy condition, find similar locking completely
superfluous, and return to it only in cases of diseased
hyperfunction of the extrapyramidal system (catalepsia,
catatonia, hypertonic symptom complexes in encephalitis).
In the norm there is no rest in mammals and in human beings,
and outside of deep sleep there is no similar immobility;
careful observation of standing or sitting human beings,
dogs or cats give evidence of this.  Even the set immobility
of a cat or a tiger is quite unlike the immobile period in a
reptile - it is sufficient to watch its tail.

— Bernstein, 1967, p. 108

The birds and mammals solved the problem of postural rigidity

by evolving a differentiation between motorneurons which project
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to extrafusal muscle fibers (the alpha motorneurons) and those

which project only to intrafusal muscle fibers on which the

stretch receptors are located (the gamma motorneurons).  In this

way, the "set" of the stretch receptors could be changed

independently of overt muscle activity,and an animal could attain

and maintain a variety of different postures.  By setting the

gamma-controlled intrafusal fibers at a particular tension level,

the animal could attain a new postural attitude; the monosynaptic

reflex would automatically adjust the alpha motorneuron activity

and muscular response of the animal until the new pose was reached

which corresponded to that particular intrafusal "set."

The separation of gamma from alpha motorneurons further

complicated the problem of locomotor-posture antagonism; instead

of simply resetting the intrafusal fibers during locomotion by

means of alpha motorneuron collateral activation, it became

necessary to reset them by means of gamma motorneuron activation

in parallel with alpha motorneuron activation.  Such parallel

alpha and gamma motorneuron activation has indeed been

demonstrated in experimental preparations; it has been called the

alpha-gamma linkage. Although originally it was thought that

alpha-gamma linkage requires participation of the cerebellum

(Granitj 1955)) more recently it has been shown to exist in the

spinal animal (Grillner, 1975)) in response to the FRA reflex

after DOPA administration (Grillner, 1969), and without benefit of

afferent peripheral feedback (Feldman and Orlovsky, 1975).

Apparently, according to the latter authors, the alpha-gamma

linkage is produced by axon collaterals from the intrinsic spinal

oscillator itself going to both alpha and gamma motorneurons of

corresponding muscles. The newly complicated spinal circuitry of
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locomotion in higher land animals, involving gamma motorneurons

and alpha-gamma linkage, has been represented schematically in

figure 19.

There are at least two other neuronal pathways in the spinal

cord which may be related to locomotion, although their functions

are not yet well understood: presynaptic inhibition of the

monosynaptic stretch reflex; and Renshaw cell recurrent inhibition

of motorneurons and reciprocal inhibitory interneurons. The

presynaptic inhibition of the monosynaptic stretch reflex has been

demonstrated in the cat after DOPA administration (Bergmans et al,

1974) suggesting that it is related to locomotion.  It would

appear to function in the same way as reciprocal inhibition of

antagonistic motorneurons; in fact, it is possible that it is due

to collaterals of the axons from the reciprocal inhibitory

interneurons which go to the presynaptic terminals instead of

synapsing on the cell body of the motorneuron itself. Presynaptic

inhibition has been demonstrated in amphibia (Carpenter and

Rudomin, 1973) as well as in mammals. The other neuronal pathway of

interest, consisting of Renshaw cells which receive collaterals

from motorneuron axons and which provide a recurrent feedback

inhibition on those same and neighboring motorneurons has been

known for many years (Renshaw, 1946).  Recently it has been shown

that Renshaw cells also inhibit the reciprocal inhibitory

interneurons during low intensity brain stimulation which would

elicit treadmill locomotion at higher intensities (Feldman and

Orlovsky, 1975).  During actual treadmill locomotion, however, the

Renshaw cells are not effective (Severin et al, 1968).  Granit

(1962) has suggested that they might function to provide a

"contrast effect" limiting the activity of motorneuron pools only
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to those most strongly excited.  Since they are not normally

evident during locomotion, however, it is not clear what function

they perform.

There are very few direct data on alpha-gamma linkage during

actual locomotion; the most important were obtained by Severin et

al (1967) and Severin (1970) who recorded directly from the dorsal

and ventral roots during treadmill locomotion of the decerebrate

cat. The results of their recordings from dorsal root stretch

receptor afferents are shown in Figure 20 and from ventral root

axons of gamma motorneurons are shown in Figure 21. In the absence

of locomotion the stretch receptor afferents are excited by

passive stretch (Figure 20A) and inhibited by muscle contraction

which relieves the tension on the intrafusal fiber (Figure 20B).

During locomotion, however, the stretch receptor activity reaches

its peak during the active muscle contraction associated with the

support phase of locomotion (Figure 20C). This effect is

presumably due to alpha-gamma linkage during locomotion, i.e.

intrafusal activation by gamma motorneurons during the active

muscle contraction of the transfer phase. Indirect evidence is

provided in Figure 20D by differential novocaine blockade of the

gamma motorneurons; after the blockade the level of stretch

receptor activation during the support phase is greatly reduced.

Other data are provided by direct recording from presumed gamma

motorneuron axons in the ventral roots during locomotion (Figure

21). The gamma activity during the locomotor cycle corresponds to

what one would expect of alpha gamma linkage and corresponds to

the data from stretch receptors shown in Figure 16. The gamma

motorneuron has a certain resting level of firing when there is no

locomotion (Figure 21A), and it is inhibited during transfer and
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excited during support phases of locomotion. The phasic changes

are less pronounced in mild locomotion (Figure 21B) and more

pronounced in stronger locomotion (Figure 21C). Since these data

were obtained in animals with intact cerebellum, it cannot be

determined how much the alpha-gamma linkage was due to the

intrinsic spinal locomotor system and how much it was due to

supraspinal effects.

The primary projections of the vestibulospinal neurons

underwent a shift in the land animals after development of gamma

motorneurons. Whereas in fish they had projected to fin

motorneurons, and in amphibia they had projected to alpha extensor

motorneurons, now they project primarily to the gamma motorneurons

of extensors. This has been demonstrated by Feldman and Orlovsky,

1972. First they repeated the well-known observation that

electrical stimulation of vestibulospinal cells would enhance the

extensor response to passive flexion of the limb (i.e. passive

stretch of the extensor muscles themselves). They then showed that

this effect was blocked by selective novocaine blockade of the

gamma motorneuron axons in the ventral roots.  An extensive

anatomical system of monosynaptic and polysynaptic synapses from

vestibulospinal neurons onto extensor gamma motorneurons is well

known. There are also synapses from vestibulospinal neurons

directly onto the alpha motorneurons themselves, but the Feldman

and Orlovsky experiment suggests that they are of secondary

importance in postural maintenance.

The locomotor mechanisms of the hindlimb of a primitive land 

vertebrate with the exception of steering systems, may now be

reconstructed as seen in Figure 22. This figure combines the

hypothetical mechanism inherited from the fish (Figure 15) along
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with the postural systems of the intrafusal fibers and stretch

receptors (Figure 16), the reciprocal inhibitory interneurons

(figure 18) and the separate alpha and gamma motorneurons with

parallel control from the locomotor mechanism (Figure 19). There

is an intrinsic spinal oscillator with flexor reflex afferents

(FRA), flexor (F)s and extensor (E) interneurons which are mutually

inhibited through other interneurons. There is also a postural

maintenance system with stretch receptors (Se and SF) located on

intrafusal muscle fibers (Ie and If) which are in turn controlled

by the gamma motorneurons (γ me and  γ mf). The spinal oscillator

and the postural system have opposing influences upon the alpha

motorneurons α me and α mf). The former produces alternate flexion

(shown for right hindlimb at top of figure) and extension (lower

half of figure) of the limbs via parallel projections to alpha and

gamma motorneurons and reinforcement of the flexion or extension

through the stretch receptor system. The latter produces a resting

extension if the animal is not locomoting (not shown in figure)

due to intrinsic activity of the extensor gamma motorneurons

(shown as double enclosing circle) and consequent activity of the

extensor intrafusal fibers, stretch receptors, alpha motorneurons,

and muscles. During locomotion, the extensor stretch reflex which

would otherwise oppose flexion is overcome by the action of

reciprocal inhibitory interneurons (RIE) with excitatory inputs

from both flexor stretch reflex afferents and dorsal interneurons

of the intrinsic oscillator and with inhibitory output to the

extensor motor-neurons. Two primitive supraspinal pathways are

shown: the adrenergic reticulospinal system (RSa) which activates

the intrinsic spinal oscillator during locomotion; and the

vestibulospinal system (VS) which keeps the animal upright during
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resting posture or tilt (see Figure 14 for details).  During

locomotion the phasic activity of the vestibulospinal system is

abolished, however.
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SYSTEM FIVE:  SPINOCEREBELLAR MODULATION

OF POSTURE AND LOCOMOTION

A new level of flexibility and fine control of posture and

locomotion evolved in the land vertebrates after the gamma and

alpha motorneuron control of intrafusal and extrafusal muscle

fibers was separated in the spinal cord. A massive brain

structure, the spinocerebellum, evolved as the coordinator and

modulator of this fine control.  In the amphibia, which have no

separate gamma motorneurons, the cerebellum is quite small.

In the birds and mammals, along with the differentiation of

gamma and alpha motorneurons, there is an increasingly large

spinocerebellum.

The evolution of the spinocerebellum as the brain modulator

of gamma motorneurons may be reconstructed as a series of

different stages. Both phylogenetically, as illustrated in the

lamprey, and ontogenetically, as illustrated in mammalian embryos,

the cerebellum originated from two commissures, the lateral

vestibular commissure which connects the vestibular systems of the

two sides of the medulla, and the cerebellar commissure which

connects a variety of fiber systems coming from and going to all

or most of the centers of the spinal cord and brain concerned with

motor activity (Nieuwenhuys, 196?). The former develops into the

vestibulocerebellum and the latter into the spinocerebellum, each

of which is present in all of the vertebrates. In man, the

vestibulocerebellum is represented by the nodulo-floccular lobes

of the cerebellum, while the spinocerebellum is represented by the

vermis and intermediate lobes of the cerebellum (Brodal, 1969).

The spinocerebellum, which in the fish connected all the
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spinal cord and brain centers of motor activity, was in a

unique position to modulate the new motor system. It received

inputs from the spinal cord via the ventral spinocerebellar

tract and it projected to various motor initiation centers

including the reticulospinal system, the midbrain tegmentum,

and the posterior hypothalamic region (Nieuwenhuys, 1967).

The vestibulocerebellum, which in the fish was intimately

connected with the vestibulospinal neurons, was in a unique

position to modulate gamma motorneurons. As mentioned in the

section on postural mechanisms, the vestibulospinal tract

projected to gamma motorneurons as well as alpha motorneurons when

the former were differentiated.

Other aspects of the cerebellum may also have been important

in the evolution of its role in coordination and modulation of

posture and locomotion. The cerebellum has a very simple and

geometrical histological structure upon which sensory systems are

projected in somatotopic fashion. Also, there are large numbers of

intrinsic cerebellar neurons which provide very large ratios of

convergence and divergence: writers such as Marr (1969) have

suggested this might be useful for the learning of skilled movement

coordination. Eccles (1969) has estimated that in man there is a

divergence factor of 600 from mossy fibers (cerebellar input

fibers) to granule cells, and that there is a convergence factor of

200,000 from parallel fibers of granule cells to the dendrites of

Purkinje cells. This is made possible by the enormous number of

granule cells, estimated to outnumber all other brain cells taken

together in the case of man.

As the spinocerebeilum evolved and enlarged, its control of

the vestibulospinal system was supplemented by control of part of



Adams 1975/1977                          76

the reticulospinal system as well (the myelinated reticulospinal

neurons) and by a projection to the spinal cord via rubrospinal

cells in the midbrain. In contrast to older supraspinal systems,

which tended to be smaller and unmyelinated, the new systems

associated with the spinocerebellum were composed of large neurons

with large myelinated, fast-conducting axons. As mentioned earlier

regarding the two reticulospinal systems, this newer development was

particularly well suited for precisely timed supraspinal control.

It is not yet established whether there were phylogenetic precursors

of the rubrospinal cells in parallel with reticulospinal and

vestibulospinal precursors of the newer systems associated with the

spinocerebellum.

New afferent pathways from the spinal cord to the

cerebellum also evolved in conjunction with the increase in

cerebellar size and functions in the land vertebrates.

Spinocerebellar pathways are known to be present in the fish;

these appear to be analogous to the ventral spinocerebellar

tracts (Hayle, 1973) of land vertebrates. With the further

development of the spinocerebellum, however, a new tract

appeared, the dorsal spinocerebellar tract. Whereas the ventral

spinocerebellar tract carries largely information about motor

initiation activity within the spinal cord itself, the new dorsal

tract, which arises from large neurons in Clarke's Column of the

dorsal horns, carries information from the muscle spindles

associated with the postural maintenance system.

To a certain extent the function of the spinocerebellar

modulator system may be seen by removal of the cerebellum in

otherwise intact animals. The dog without a cerebellum, for example,
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can still show locomotor activity, but it cannot compensate well for

an increase in imposed "load" (Orlovsky et_ al, 1966b). A

decerebrate cat with intact cerebellum can compensate for cutting of

afferent fibers in the dorsal roots of the spinal cord, but after

removal of the cerebellum it can no longer show locomotor activity

(Arshavsky et al, 1972b).

The most complete understanding yet obtained of the work of

the spinocerebellum has come from Orlovsky and his colleagues who

have recorded during locomotion from all of the major input and

output pathways of the spinocerebellum to and from the lumbosacral

spinal cord which controls the hind limbs. The data, which are

summarized in terms of the locomotor cycle in Figure 23, came from

single neuron recording in a large number of studies, each one a

major task in itself.  In the figure the data are arranged so that

one can visualize the anatomical pathways and direction of

transmission between each set of neurons under investigation. The

anatomy of most of these pathways to and from the spinocerebellum

is quite well known, but several are still in question and should be

discussed.

There are two major spinal inputs to the spinocerebellum, the

ventral spinocerebellar tract which carries information from the

intrinsic generator of locomotor rhythms (Arshavsky et al, 1972) and

the dorsal spinocerebellar tract which carries information from the

stretch receptors. In the traditional view, all of these inputs

project directly to the granule cells and thence to the Purkinje

cells of the cerebellar cortex. Recent studies have shown that they

give off collaterals to the deep cerebellar nuclei as well (Thach,

1972).

The ventral spinocerebellar tract (VSCT) can be considered in
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terms of two functional divisions (Arshavsky et_ al, 1972d).  One

division arises from cells located in the dorsal portion of the

ventral horn of the spinal cord and the other arises more

ventrally from the marginal zone of the ventral horn. The pattern

of input to the cerebellar cortex, as determined by an antidromic

quench method has been shown to correspond only to the activity of

those VSCT neurons which arise in the more ventral marginal zone

(Arshavsky et al, 1972b).  Therefore, it seems likely that the VSCT

from the more dorsal cells influence predominantly the deep

cerebellar nuclei, while the VSCT from the marginal zone influence

predominantly the cerebellar cortex. In further support of this it

may be seen that the firing patterns of the deep cerebellar nuclei

are similar to those of the dorsal VSCT cells, while the firing

patterns of cerebellar cortex follow those of marginal zone VSCT

cells. A word of caution must be added, however, since all of

these data are physiological; anatomical confirmation has not yet

been obtained.

The anatomy and physiology of the dorsal spinocerebellar

tract (DSCT) suggest, that it is facilitated primarily by stretch

receptor neurons of extensor muscles and inhibited by stretch

receptor neurons of the antagonistic (flexor) muscles (Arshavsky  et

al, 1972c).

In addition to the anatomical pathways listed so far, there

are direct projections to Purkinje cells (the so-called climbing

fibers) from the inferior olive nucleus. The inferior olive

receives descending influences from various descending pathways

(those from the globus pallidus and cerebral cortex are removed in

the decerebrate animal) and ascending influences from the spinal
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cord (the ventral and dorsal spino-olivary tracts). No data are

yet available on the contribution of this system to locomotion in

the cat, although it would seem likely that it has an important

role to play, particularly in relation to the pyramidal system.

The sole output of the spinocerebellar cortex consists of

the axons of the Purkinje cells which in all cases inhibit their

target cells. Their inhibitory projections go to the fastigial and

interpositus nuclei (deep cerebellar nuclei) and to the lateral

vestibular nucleus (vestibulo-spinal cells). The interpositus

nucleus projects., in turn, to the red nucleus (rubrospinal cells),

and the fastigial nucleus projects, in turn, to the reticulospinal

cells and to the lateral vestibular nucleus (vestibulospinal

cells). Thus, in summary, the cerebellum receives inputs directly

from the spinal cord, and it then projects indirectly back to the

spinal cord via the rubrospinal system, the reticulospinal system

and the vestibulospinal system. Anatomically, it is in an ideal

position to modulate locomotion.

The patterns of single neuronal activity of the input and

output pathways of the cerebellum during locomotion may be derived

almost completely from their anatomical relationships as may be

seen from Figure 23.  With the exception of the vestibulospinal

neurons, which need to be discussed in more detail, it is possible

to predict the firing pattern during locomotion of any given set

of neurons from knowledge of the firing pattern of its major

anatomical inputs.
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Figure 23. Activity of cerebellar and anatomically connected neurons during
locomotion in the cat.  Impulse frequency of all recorded neurons are shown as
averages and plotted throughout the locomotor cycle (t = transfer phase; s =
support phase). Each type of neuron is arranged in terms of its anatomical inputs
and outputs. Each connecting line represents a monosynaptic connection
(arrowheads for facilitatory synapses; perpendiculars for inhibitory synapses). Two
major subsystems may be distinguished, a transfer modulation subsystem and a
support modulation subsystem.

The transfer modulation subsystem is maximally active during the transfer phase of
locomotion. All the neurons have low rates of firing when the animal is resting
(shown by dotted lines across each figure) and they increase to 50-100
spikes/second during the transfer phase of locomotion. The subsystem includes
oscillator cells of the dorsal horn (Orlovsky & Feldman, 1972b); dorsal horn cells of
the ventral spinocerebellar tract (Arshavsky, et al, 1972d and 1972e - see Figure 5);
cells of the interpositus and fastigial nuclei of the cerebellum (Orlovsky, 1972e);
rubrospinal cells (Orlovsky, 1972c); and reticulospinal cells (Orlovsky, 1970b). All of
the synapses of the subsystem are excitatory, except for inhibitory inputs to
interpositus and fastigial nucleus neurons from Purkinje cells which serve to
depress firing during the support phase of locomotion.

The support modulation subsystem is maximally active during the support phase of
locomotion. The subsystem includes oscillator cells of the marginal zone (Orlovsky
& Feldman, 1972b); marginal zone cells of the ventral spino-cerebellar tract
(Arshavsky et al, 1972d and 1972e - see Figure 5); cells of Clarke's column which
give rise to the dorsal spino-cerebellar tract (Arshavsky et al, 1972a); Purkinje cells
of the cerebellum (Orlovsky, 1972d); and vestibulospinal cells (Orlovsky, 1972b). No
recordings have been made from the cerebellar granule cells, although it would
seem evident from the figure that they reflect ventral and dorsal spino-cerebellar
tract inputs and integrate them in driving Purkinje cells. It is not possible from the
available data to fully explain the firing pattern of vestibulospinal cells during
locomotion, although it is known from anatomical studies that they receive
monosynaptic inputs from the cerebellar Purkinje cells, the neurons of the fastigial
nucleus, and from reticulospinal cells.

Firing rates of dorsal spinocerebellar tract neurons during locomotion after cutting
of dorsal roots (open circles) are unaffected by phase of the locomotor cycle and
similar to firing rates during resting of the normal animal; this indicates that their
activity reflects peripheral sensory inputs (Arshavsky et al, 1972a).

Firing rates of rubrospinal and vestibulospinal neurons during locomotion after
removal of the cerebellum (open circles) are unaffected by phases of the locomotor
cycle, which indicates the inputs from the cerebellum are responsible for their
phasic activity. A similar finding has been reported for the reticulospinal cells,
although the exact firing rates were not published.
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Two major subsystems may be distinguished, one which peaks in

activity during the transfer phase (corresponding to leg flexion)

and the other which peaks in activity during the support phase of

locomotion (corresponding to leg extension). Let us call them the

transfer modulator subsystem and the support modulator subsystem,

respectively.

The activity of the transfer modulator subsystem reflects a

complex summation of excitatory influences during the transfer

phase of locomotion, The timing of the activity cycle of

rubrospinal and reticulospinal neurons lags behind the activity

cycle of the hind limb flexor neurons which they influence. The

function of this lag may be explained as follows: The role of the

cerebellar modulator system is not to initiate locomotor acts so

much as to overcome and remove the postural system's antagonism to

those acts. Since the more a flexion proceeds, the more the

antagonistic muscle's stretch receptors are excited and resist the

movement under resting conditions, the cerebellar strengthening of

protagonists and inhibition of stretch reflexes of antagonist

muscles should be maximal towards the end of the flexion. With

this in mind it is possible to interpret in physiological terms,

the behavioral observations of Orlovsky et al(1966b) that

locomotion can take place in the animal without a cerebellum, but

that the flexion is "weaker."

The support modulator subsystem is not as well understood as

the transfer subsystem; the output via vestibulospinal fibers and

its effects on extension is understandable, but the input via the

Purkinje cells, fastigial nucleus and reticulospinal neurons is

not yet well understood.

The output of the support modulator subsystem consists of
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vestibulospinal fibers froa the lateral vestibular nucleus; they

are maximally active at the beginning of the support phase and

minimally active at the beginning of transfer (data from Orlovsky,

1972b). Unlike the case of the transfer subsystem the timing of

the cycle precedes that of the target muscles rather than lagging

behind. The vestibulospinal activity begins increasing at point

two while muscle activity of extensors begins increasing at point

four. Both reach their peak activity at points four and five,

however. The anatomical basis for vestibulospinal support

modulation is well known; vestibulospinal fibers synapse and

excite both alpha and gamma extensor motorneurons both

monsynaptically and polysynaptically, although the major effect is

apparently upon the gamma system (Feldman and Orlovsky, 1972).

The input of the support modulatory subsystem is not yet

clear. Anatomically, there are massive fiber projections from the

Purkinje cells of the hind limb region of the cerebellar cortex,

both direct inhibitory projections and indirect, modulated

excitatory projections via the fastigial nucleus. But

physiologically, the cyclic activity of vestibulospinal neurons

does not correspond to a summation of the Purkinje cell activity

and the fastigial nucleus activity, as shown in Figure 23. Nor can

one invoke inputs from the vestibular organs to explain the

difference. In the normal animal, vestibular stimulation would be

expected to coincide with the observed activity cycle of

vestibulospinal neurons, i.e. increasing during the transfer stage

as the animal tilts toward that side and decreasing during the

support phase as the animal tilts towards the other side. However,

in the experiments described here the animal's head is fixed in a

stereotaxic holder and cannot tilt; and even if it could tilt, the
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data previously cited from Orlovsky and Pavlova (I972a) indicate

that vestibular stimulation is less effective during locomotion.

Another possible input to the vestibulospinal neurons derives from

the reticulospinal neurons (Brodal, 1969) and as has been noted

these connections are mostly likely responsible for the increase

in firing rate by vestibulospinal cells during locomotion in an

animal from which the cerebellum has been removed (Orlovsky,

1972b).

It is well established anatomy that rubrospinal neurons

project primarily to flexor motorneurons and that vestibulospinal neurons

project primarily to extensor motorneurons, while reticulospinal neurons

project to both flexor and extensor motorneurons. The projections of all

three systems involve alpha-gamma linkage and alpha-gamma-linked,

reciprocal inhibition (Hultborn, 1972) as shown by the results of

a number of acute physiological experiments. The rubrospinal

neurons facilitate both alpha and. gamma motorneurons of flexors

(Hongo et al, 1969). The vestibulospinal neurons facilitate both

alpha and gamma extensor motorneurons via monosynaptic projections

(Grillner et al, 1970). The reticulospinal neurons facilitate

alpha and gamma flexor motorneurons via monosynaptic projections

(Grillner et al, 1968), and they inhibit extensor motorneurons

polysynaptically, perhaps by way of the reciprocal inhibitory

interneurons.  There is some doubt on the latter point, however,

since the effect is not susceptible to recurrent Renshaw cell

inhibition unlike most reciprocal inhibitory cells (Hultborn,

1972).

The effect of vestibulospinal, rubrospinal, and myelinated

reticulospinal activity upon spinal neurons has been measured

during locomotion by brief electrical stimulation of each
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descending pathway interposed at various times during treadmill

locomotion (Orlovsky, 1972a). The results of these experiments, in

which flexor and extensor muscle activity of locomotion was

recorded by electromyography during the electrical brain

stimulation, are shown in Figure 24. Orlovsky's results suggest

that the primary effects of rubrospinal and vestibulospinal

activation are upon the gamma motorneurons rather than upon the

alpha motorneurons.  Stimulation which is out of phase with the

locomotor cycle does not produce muscle activity, which one would

expect if there were strong direct alpha motorneuron effects.

Apparently such effects are blocked by powerful inhibition from

the reciprocal inhibitory interneurons. But the stimulation does

enhance the muscle activity of the succeeding cycle, which one

would expect if it had increased the tension in the intrafusal

fibers in preparation for the succeeding cycle of activity. The

direct excitation of flexor alpha motorneurons by the myelinated

reticulospinal system may be observed by stimulation in phase with

locomotor flexion, but there is little effect if the stimulation is

out of phase, which one would have expected from the projections to

gamma motorneurons of flexors. A strong inhibitory effect by the

reticulospinal system upon extensor motorneurons is readily

observed, however.  It may be due, at least in part, to excitation

of reciprocal inhibitory interneurons.

At this point, it becomes possible to illustrate the relation

of the cerebellar modulator system to the locomotor and posture

systems of the hindleg which were shown in Figure 22. Figure 25

represents an overlay of the two previous figures and the addition

of the cerebellar modulator system including its inputs (the ventral

and dorsal spiriocerebellar tracts) and its outputs via the
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rubrospinal, reticulospinal, and vestibulospinal tracts. At the

instant of locomotion illustrated in Figure 25, the right hind leg

of the decerebrate cat is flexing while the left hind leg is

extending. As in the previous figures, active neurons are shaded and

active tracts are indicated by solid lines.  Highly active tracts

are indicated by double solid lines and intrinsically active cells

are indicated by double circles.

The additional neurons and tracts associated with the

cerebellar modulator system may be discussed as two subsystems.

The transfer subsystem, which is active during the flexion of

the right leg shown on the top of the figure, includes the dorsal

portion of the ventral spinocerebellar tract (VSCT)  from the

marginal zone. interneurons (MZ) of the intrinsic  spinal

oscillator projecting to the interpositus nucleus of the

cerebellum (IN), then to the rubrospinal neurons (RuS), and

finally to interneurons in the spinal cord which mediate

excitatory effects upon the motorneurons of flexors, primarily

the gamma motorneurons ( γ mF). The function of this portion of

the subsystem is to strengthen the flexion of the transfer

phase by adding stretch reflex input to the flexor alpha

motorneuron excitation.  At the same time the fastigial nucleus

neurons (FN) are released from inhibition by the Purkinje cells

of the cerebellar vermis (P-V) and they facilitate the

ipsilateral reticulospinal neurons (RSm).  These latter, in

turn, also help to reinforce the flexion via facilitation of

flexor motorneurons. More important, however, they inhibit

extensor alpha motorneurons via the reciprocal inhibitory

interneurons (RIE), thus removing any tendency for extension

which would interfere with the flexion of the transfer phase.
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The support subsystem of cerebellar modulation is active

during the extension of the left leg shown on the bottom of Figure

25.  Inputs from the dorsal spinocerebellar tract (DSCT) from

Clarke's Column cells (CC) and from the dorsal horn interneurons

(DH) contributing to the ventral spinocerebellar tract (VSCT)

converge upon the granule cells of the cerebellum (G). The granule

cells excite Purkinje cells of the vermis (P-V) and intermediate

zone (P-I) of the cerebellar cortex, and the Purkinje cells

transform the affect into inhibition upon cells of the deep

cerebellar nuclei, the fastigial nucleus (FN) and interpositus

nucleus (IN). This enables DSCT feedback from extension to turn

off any competing cerebellar commands for flexion. The support

subsystem also includes the vestibulospinal neurons which are

active during the support phase. AS mentioned earlier, the origin

of this phasic activity is not known, and cannot be derived from

the knowledge we possess of the physiology and anatomy of their

inputs. The output effect is by facilitation of both alpha and

gamma extensor motorneurons, with the most important effect being

monosynaptic on gamma motorneurons ( γ me).

According to the model, the support subsystem performs at

least two functions: it turns off flexion in response to feedback

from extensor activity (and, by the same logic, it allows flexion

to continue if feedback does not come at the proper time); and it

strengthens the extension during locomotion via the

vestibulospinal facilitation of the extensor gamma system.

The preceding analysis, based on data from the decerebrate

cat on a treadmill, gives only the first half of the picture of

spinocerebellar modulation.  It enables one to see how the input

and output pathways from the spinocerebellum function during
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regular and unrefined motor activity. But the full evolutionary

advantage of spinocerebellar modulation will be seen only when its

role is understood during locomotion which is irregular, which is

varied and refined under the influence of exteroceptive stimuli

such as olfaction, vision, audition, and facial touch and their

processing by higher brain centers. The decerebrate cat, with its

visual system and forebrain removed, and the vibrissal and

auditory systems truncated, has provided a background of

information upon which further data will be understandable.

Further data on variations and refinements of posture and

locomotion will require new experimental preparations.

The key to the detailed and refined workings of the

spinocerebellum no doubt lies in the convergence of many inputs

onto the cerebellar granule cells and. in the intricate, geometric

interrelationships of the various intrinsic cells of the

cerebellum. The enormous numbers of granule cells receive inputs

from all of the exteroceptive and proprioceptive sensory systems

and from all of the motor initiation centers of the brain and

spinal cord and these form a series of overlapping maps of the

body and its environment onto the folded surface of the cerebellum.

The granule cell axons, parallel fibers, transform these inputs

into beams of excitation across the mapped cortex; and intrinsic

cells, including the basket cells and Golgi cells, sharpen and

focus the beams by inhibitory action. The details of this

wonderfully geometric system have been worked out in acute

preparations, but their significance for the free moving animal

and its locomotor behavior have not been elucidated (Thach, 1974).

Details may be found in Eccles, Ito, and Szentogathai (1967) and

in Bell and Dow (1972).
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Figure 25. Spinocerebellar modulation of posture and locomotion. This figure is
similar to figure 22 except for the following additions related to development of the
spinocerebellum:

(1) Differentiation of the layered structure of the spinocerebellum into a granule cell
layer (G), a Purkinje cell layer (p) and deep cerebellar nuclei (IN and FN).  These
layers were not shown in previous figures, for purposes of simplification, although
at least the first two may be seen in the fish and frog cerebellum;

(2) Differentiation of the cerebellum into a medial vermis and a lateral intermediate
lobe with corresponding lateral differentiation of Purkinje cells (PV and Pi) and
differentiation of deep nuclei, the fastigial nucleus (FN) and interpositus nucleus
(UT). The granule cell layer is not differentiated here, and older unchanged
connections of the cerebellum are shown as passing through generalized Purkinje
cells (P);

(3) Under influence of cerebellar projections to them, the differentiation of
reticulospinal neurons into three types: noradrenergic reticulospinal neurons
(ReSa); myelinated reticulospinal neurons (ReSm); and rubrospinal neurons (RuS).
The first type remains unchanged from the primitive condition.

(4) The myelinated reticulospinal neurons (ReSm) receive a new input from the
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medial cerebellum as well as old inputs similar to those of the noradrenergic
reticulospinal neurons. Unlike the latter, however, their spinal outputs parallel those
of the flexor interneurons of the intrinsic spinal locomotor mechanism (F to the
alpha and gamma motorneurons of flexors α mf and γ mf), the reciprocal
interneurons to extensors (Rle), and the marginal zone cells (MZ) of the ventral
spinal cerebellar tract (VSCT).

(5) The rubrospinal neurons (RuS) receive inputs from the lateral cerebellum, and
project, at least in part, to the flexor interneurons (F) of the intrinsic spinal
locomotor mechanism.  Other projections, not shown here, are probably related to
postural control via differential gamma motor activation, and not related to
locomotion.

(6) The medial cerebellum also influences the vestibulospinal neurons, although the
phase relationships of their activity is not yet understood.

(7) There is a new tract from the spinal cord to the cerebellum, the dorsal
spinocerebellar tract (DSCT) which arises from the cells of Clarke's Column (CC).
Like the dorsal horn neurons (DH) of the VSCT, from which these neurons probably
differentiated, they are facilitated by extensor stretch receptors (Se) and inhibited by
flexor stretch receptors (Sf ) by way of the reciprocal inhibitory interneurons to
extensors (Rle), and they project to granule cells (G) of the cerebellum.

In the top part of the schema, during locomotor flexion, the transfer modulator
subsystem is active, including the rubrospinal, reticulospinal, and ventral part of the
ventral spino-cerebellar tract.  In the bottom part of the schema, during locomotor
extension, the support modulator subsystem is active, including the
vestibulospinal. tract, the dorsal spino-cerebellar tract, and the dorsal portion of the
ventral spino-cerebellar tract.
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SYSTEM SIX: PYRAMIDAL SYSTEM

In stage six, the development of mammals, with their high

metabolic rate and long period of maternal care, the brain is

transformed by the addition of the neocortex and its

connections. Just as the total metabolism of the animal

increases by an order of magnitude, so does the relative size

of the brain, though it continues to use the same percentage of

total body metabolism. The neocortex is the primary fruit of

this expansion, and it completely overshadows the rest of the

brain. It has the largest mass and the largest number of

anatomical connections to the rest of the brain, and its tracts

which descend to all other parts of the brain, apparently over-

rule their commands. There are massive tracts from the

neocortex to the red nucleus, reticular formation, optic

tectum, and the cerebellum, dominating all the earlier levels

of the locomotor system. And there is a massive projection

directly to the spinal cord, the corticospinal or pyramidal

tract, which synapses monosynaptically on the alpha

motorneurons of flexors in primates.

Physiological data, as well as anatomical data, show that the

pyramidal system dominates the older systems of locomotion, Direct

stimulation of the pyramidal tract at a point in the midbrain

behind the cut used for decerebration will produce a flexion

response which over-rides other aspects of locomotion and causes

the animal to raise its leg at an inappropriate moment of the

locomotor cycle (Orlovsky, 1972a). This should be contrasted with

effects from stimulation of the rubrospinal, reticulospinal, and

vestibulospinal tracts which do not cause movement at
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inappropriate moments of the cycle (Figure 24), Since polysynaptic

excitatory potentials have been recorded in alpha motorneurons in

response to pyramidal tract stimulation in various experiments

with anesthetized cats, it is likely that the effect is mediated

by these relatively direct pyramidal projections.

The pyramidal system can also influence locomotion indirectly

by way of the reticulospinal system. If the direct pyramidal

projections are severed in the lower medulla, then stimulation of

the pyramidal fibers in the midbrain below the cut for decerebration

will initiate locomotion (Shik et al, 1968).  As discussed

previously in regard to higher brain influences upon the

reticulospinal system, it would appear that the pyramidal effects

are mediated by corticospinal collaterals to reticulospinal neurons.

The inferior olive and accessary nuclei, with their

afferents from the spinal cord and pyramidal system, and

efferents to the cerebellum, are closely tied in phylogeny to the

evolution of the pyramidal system, They are scarcely present

below the level of the mammals, reach their peak in four-legged

mammals, and, are progressively smaller in the higher primates

and man. Their role in locomotion has yet to be investigated.

Considering the great size and importance of the neocortex and

pyramidal system, it is remarkable how little we know of its

function during locomotion and, for that matter, during other

behaviors as well (Brooks and Stoney, 1971). We have not progressed

much since 1935 when Bernstein speculated that it is primarily

concerned with spatial localization. If he is correct, then the

pyramidal system, like all the other systems considered here, can be

analyzed in terms of the evolution of locomotion:
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It is clear that each of the variations of a movement
(for example, drawing a circle large or small,
directly in front of oneself or to one side, on a
horizontal piece of paper or on a vertical
blackboard, etc.) demands a quite different muscular
formula; and even more than this, involves a
completely different set of muscles in the action.
The almost equal facility and accuracy with which all
these variations can be performed is evidence for the
fact that they are ultimately determined by one and
the same higher directional engram in relation to
which dimensions and position play a secondary
role....This makes us suppose - for the time being
merely as an hypothesis though it forces itself upon
us very strongly - that the localization areas of
these higher-order motor engrains have also the same
topological regulation as is found in external space
or in the motor field (and that in any case the
pattern is by no means that which maintains in the
joint-muscle apparatus). In other words there is
considerable reason to suppose that in the higher
motor centres of the brain (it is very probable that
these are in the cortical hemispheres) the
localization pattern is none other than some form of
projection of external space in the form present for
the subject in the motor field. This projection, from
all that has been said above, must be congruent with
external space, but only topologically and in no
sense metrically. All danger of considering the
possibility of compensation for the inversion of
projection at the retina and many other possibilities
of the same sort are completely avoided by these
considerations. It seems to me that although it is
not now possible to specify the ways in which such a
topological representation of space in the central
nervous system may be achieved, this is only a
question of time for physiology.

—Bernstein, 1967, p. 49-50.
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SUMMARY AND CONCLUSIONS

To what extent have our data supported the Bernstein

challenge? Can we observe in the course of the locomotor act

traces of the phylogeny of the nervous system? And can we observe

a deep organic connection between the locomotor processes and the

structure of the nervous system. In conclusion, I think we can give

a qualified "yes" to each question.

If one restricts the phylogenetic analysis to the spinal

cord and supraspinal pathways, it is possible to make a case

for the important role of locomotion as the behavioral function

which made the supraspinal pathways advantageous and which

shaped their development. One would probably find agreement

among most students of vertebrate evolution that the shape of

the spinal cord, and spinal nerves was largely determined by the

myotomal form of vertebrate swimming, and the need for

segmentation and sequencing of muscle contractions (see, for

example, Young, 1972, p. 26}.  Most investigators of the Mũller

cells, the forerunners of the reticulospinal system in the lamprey

and hagfish, also emphasize the likelihood that these cells

evolved for the initiation, maintenance and guidance of

swimming (see,for example, Rovainen, 1967, P. 1020),  Most

investigators would also agree that the vestibulospinal and

tectospinal tracts evolved in terms of the stabilisation and

guidance of orientation and locomotion. The great increase of

the cerebellum in mammals is linked to the differentiation of

alpha and gamma motorneurons and the modulation of postural

maintenance versus locomotion. The only system with phylogeny

not clearly linked to locomotion is the pyramidal system, about

which we know very little in any case.  It has been suggested
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that the primitive mammals evolved, as small, nocturnal, tree-

living creatures safe from competition and predation by the

dinosaurs (Bakker, 1971).  If so, the corticospinal tract may

also have evolved under pressures associated with the peculiar

difficulties of locomotion in the trees; It may have conferred

on the organism an advantage in precise spatial judgments during

leaping, accurate placing and grasping of branches, etc.

Progressive enlargement and higher dominance of the

corticospinal system is partioularly evident in the higher

primates which have evolved the more sophisticated systems of

locomotion in the trees,

Analysis of locomotion and the function of the supraspinal

tracts leads to more understanding of much, but not all, of the

central nervous system. There are other major systems such as the

hypothalamo-hypophyseal system, the systems concerning the mouth,

tongue and muscles of swallowing, and the autonomic systems, which

do not make much use of the supraspinal tracts, and which are not

closely related to locomotion. The hypothalamo-hypophyseal system

makes use of hormones rather than direct nerve stimulation of

target organs. The systems involving ingestion of food make use of

cranial nerves rather than supraspinal tracts and the spinal cord,

and the autonomic system makes use of cranial serves, sympathetic

ganglia and nerves, sacral parasympathetic nerves, and intrinsic

visceral networks, more than supraspinal tracts. Another major

motor system, the control of eye movement, depends upon cranial

nerves rather than supraspinal control of the spinal cord, but it

may have evolved in intimate relation to locomotion,

Embryologically, the eye muscles are derived from the most

anterior tissue which forms the myotomal muscles of swimming on
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the side of the trunk (Romer, 1970) and in the shark, the eyes are

moved in coordination pattern with the myotomal musculature during

swimming (Harris, 1965). In land animals, there is an intimate

relationship between the control of eye movement and the control of

head movement (Morasso et al, 1973) and the latter, as has been

emphasized, is closely tied to locomotion.

If one restricts the question to the function of the cat's

nervous system during locomotion, it is possible to make a case

that no other behavioral function requires such coordinated and

massive involvement of the nervous apparatus. During locomotion,

almost the entire central nervous system is at work; when there is

no locomotion it is relatively quiet and, what is more, the work

of the entire nervous system is essential to the complete and

proper functioning of locomotion,

During locomotion the supraspinal systems are hard at work in

the decerebrate cat. The reticulospinal, rubrospinal and

vestibulospinal fibers, as an aggregate, are firing in tune with

the locomotor rhythms of the limb to which they project, as shown

in Figure 23.  The activity of the first two systems peaks during

the transfer phase and of the vestibulospinal system during the

beginning of the support phase of locomotion. If one looks at

individual supraspinal neurons they, too, fire in tune with

locomotion. Among reticulospinal neurons, 52% are frequency

modulated in step with locomotion and another 17% are increased in

firing rate by a factor of 1,5 to 2,0 during locomotion (Orlovsky,

1970 b and c,) Similarly, 83% of rubrospinal neurons and 67% of

vestibulospinal neurons are frequency modulated in step with

locomotion and many of the remaining neurons are increased in

firing rate (Orlovsky, 1972b and c). There are no data on the
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tectospinal and pyramidal systems during locomotion ; regarding the

latter, however, it may be noted that at least half of the

corticospinal cells recorded in a recent study on unanesthetized

normal cats were found to discharge maximally during spontaneous

movement of the contralateral forelimb (Baev and Kostyuk, 1974).

When the cat is at rest, the supraspinal neurons of the

decerebrate cat are relatively quiet. In the reticulospinal

system only 15% of the neurons show any spontaneous activity at

all (Orlovsky, 1970b).  The average resting firing rates of

rubrospinal and vestibulospinal neurons are relatively low (10

and 17 spikes per second respectively) when compared to their

activity during locomotion (approximately 35 spikes per second)

according to Orlovsky (I972b and c).

The various supraspinal systems are dominated by the

cerebellum and therefore, it is important to learn that they

are related to locomotion even after removal of the cerebellum,

although they are active in different ways.  The reticulospinal

cells continue to fire maximally during locomotion in the

decerebellate cat (62% of the neurons increasing in firing

rate), but the frequency modulation is almost completely lost

(8% as compared to 52% with the cerebellum) according to

Orlovsky (l970c.) In other words, they are active as the

"throttle" mechanism of locomotion, but not as modulators of

transfer and support phases of locomotion.  Only four of 84

recorded reticulospinal neurons in decerebellate cats were

found to show any spontaneous activity at all in the absence of

locomotion (Orlovsky, 1970c.) Rubrospinal neurons fail to show

frequency modulation after removal of the cerebellum,although

more than half of them increase somewhat in firing rate during
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locomotion. Their mean resting discharge rate is only four

spikes per second without the cerebellum (Orlovsky, 1972c).  In

other words, they act more like reticular neurons when the

cerebellum is removed, Vestibulospinal neurons show no signs of

frequency modulation after removal of the cerebellum,and they

also increase in firing rate during locomotion, from a mean

resting rate of 29 spikes per second to a mean of 60 spikes per

second (Orlovsky, 1972b,) Unlike the case of the other

supraspinal systems, however, it should be noted that

spontaneous activity of these cells in the absence of

locomotion is quite high. In other words, the vestibular spinal

neurons have non-locomotor (postural?) functions as well as

locomotor functions in the absence of the cerebellum.

Although much of the nervous system plays a major role in the

normal functioning of locomotion, the successive, hierarchical

organization of the six locomotor systems often makes it possible

for one system to mask or to ameliorate the deficits caused by

injury to another one of the locomotor systems. For example, the

pyramidal system can take over functions which are probably in the

normal control of the cerebellum; following removal of the

cerebellum in racoons and rhesus monkeys, there is a gradual

recovery of the ability to climb, walk and run, but the recovery

does not occur if there is

also injury to the pyramidal system (Wirth and O'Leary, 1974).

Similarly, it is possible for cats from which the cortex has

been removed at an early age to recover locomotor abilities to

such a great extent that they can hardly be distinguished from

normal animals (Egger, unpublished observations).  In general,

however, lesions in any of the supraspinal systems has an
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immediate, profound effect upon locomotion, and some type of

compensation from other locomotor systems is necessary if the

animal is to recover normal locomotion.

Apart from neurological considerations, a case can be made

from ethological observations of behavior that the brain is

primarily involved in the direction of locomotion and locomotion-

related behaviors. In a study of the behaviors of rats during

isolation-induced fighting behavior, Lehman and Adams (in

preparation) have distinguished 14 motor patterns from which all

the more complex social behaviors can be derived; a majority of

these may be considered in terms of locomotion.  The motor

patterns of approach and flight are obvious, The motor patterns of

rub and crawl-over, involved in scent marking, may be seen as

locomotion with a bias to one side in the former case and with

relatively flexed limbs in the latter case. The high postures

(sideways posture and upright posture) involve exaggerated

extension in the limbs, and in the latter case, the inhibition of

hind limb locomotion, although the forelimbs may continue to move

in the act of boxing. Several motor patterns (sniff and low

posture) may be interpreted as inhibition of the locomotor

systems. Even the motor pattern of "scratch" may be considered in

terms of locomotion; compare the analysis of the scratch reflex and

its relation to locomotion by Sherrington (1906,) In fact, the

only motor patterns analyzed which were clearly not related to

locomotion were those of glandular secretion, pilo-erection and

ultrasound emission,

In the higher primates it is more difficult to see a

relationship between the rich variety of acts and postures

involved in complex behaviors and the basic neural mechanisms of
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locomotion. To some extent, this may be seen as due to the

transformations in locomotion itself; primates have undergone a

remarkable series of shifts In the mechanics of locomotion during

their phylogeny, including vertical clinging and leaping,

brachiation, semi-brachiation, and bipedal walking (Napier, 1967).

From the wide variety of motor patterns involved in these types of

locomotion, there is a wide variety of derivative acts and

postures involved in more complex behaviors. In the primates there

may also be a relative emancipation of behavior from its evolved

locomotor mechanisms, however. As suggested by Bernstein, the

great development of the neocortex makes possible a much richer

variety of motor patterns to serve complex behavioral systems.

In conclusion, it would seem that the historical tradition

dating from Darwin and Spencer, the analysis of the nervous

system in terms of phylogenetic levels, has been richly

rewarding. Furthermore, the Bernstein challenge also has proven

to be a fruitful one. One may ask why it has been so long in

coming. Why has brain structure been analyzed so often in terms

of sensory mechanisms and perception rather than motor

mechanisms and locomotion? One of the reasons is certainly the

problem of anesthesia. Many of the effective neurophysiological

techniques are best done in anesthetized or paralyzed animals

in which the sensory systems can be studied, but not the motor

systems. But surely the reasons go deeper than just that.

Contemporary brain research derives in great measure from

psychology which in turn derived from the older discipline of

philosophy.  Philosophy has been concerned more often with

perception than with action; the philosopher has tended to be

an armchair thinker more often than a manual worker. The recent
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upsurge in interest in motor systems comes, at least in part,

from a new and different philosophical tradition. Bernstein

(1967, p, 144) dates the change from "the general technico-

economical conditions maintaining after the First World War"

which "sharpened interest in the working condition of the

organism" and directed interest at the physiology of work,

physical exercise, psychotechnics, biomechanics, and the

physiology of movements.  He concludes:

Movements are almost the only expressions of the life activity of
the organism. Movements are the means by which it does not simply
passively interact with the environment, but actively acts upon it
in whatever way is necessary, Sechenov had already indicated the
general significance of movements in his remarkable book Cerebral
Reflexes one hundred years ago. If we add that time has since
revealed the integral nature of the participation of movements in
all acts of sensory perception, in the education of the sense organs
during early childhood, in the active development of an objectively
consistent world image in the brain by means of the regulation of
perceptual synthesis through practice, it is easy to understand the
displacement of the centre of gravity of interest which is becoming
increasingly felt in contemporary physiology,

—Bernstein, 1967, p. 144-145.
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