


spinal level near the sources of power that have to be handled. The
recent careful studies of reciprocal innervation by the Gothenburg
workers (Lundberg, Hultborn, Jankowska), as summarized by Lundberg
[1], have shown that such switches really exist and are supraspinally
modifiable with incredible finesse.

The emphasis on timing in movement should not be taken to mean
that time is negligible in perception. In the visual field, it is rendered into
a perception of velocity; in acoustics, time differences in the stimulation
of the two ears are translated into a judgment on sound localization, and
the tonal world of perception is built upon an analysis of periodical time
differences. However, this role of “time” in perception differs from that
in motricity in characteristic respects; thus, sensory time is not closely
tied to a change of purpose as are timed movements of, for instance,
hands and fingers which immediately alter their pattern of execution in
response to commands from above. It is not possible to produce an
entirely new tone or colour, never heard of or seen before, by time
changes alone, whereas wholly new movements can be created in-
stantaneously as a matter of course by retiming the entries and exits of
agonists and antagonists around a joint.

Time pervades the whole domain of biology, but the emphasis on
behaviorally significant mechanisms for fast timing is a special feature of
motricity. We have, in fact, made striking advances in motor physiology
by following up problems of timing in motor circuits, whereas progress
in sensory physiology has taken place along different lines as an analysis
of building blocks for perception.

Invariance and Variability

An important role of the sense organs is to create a measure of pre-
dictable invariance and to explore deviations from this norm. This be-
" comes strikingly obvious if we allow ourselves to imagine that evolution
at one time in the past created a lens focusing light on a sensitized
surface. This invention was made at the tremendous cost of distorting
the environment, in particular by making the size of the image depend
upon the distance of the object from the receptors. For survival, this
fault had to be corrected at the neural level, and this was engineered by
placing an analyzing piece of the brain itself (the retina) in the eye and
creating a supraretinal apparatus for interpreting the information in
order to reestablish the lost invariance of the environment.

In this visual world, liberated from the fallacy of the lens, we also
move, accepting that the hand used for blowing the nose is of the same
size as the one that ties the shoelaces. Information from the skin, the
proprioceptors, and the vestibular organs contribute to the invariant
body image and go to substantiate the idea that our own identical selves
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move in a relatively stable environment. These sense organs have also
told us about the existence of one constant force, gravity. Motricity has
adapted to this force, as incorporated in our movements, by creating a
mechanism of recruitment of motoneurons in which the individual cells
fire at approximately constant rates.

However, the motor apparatus is often forced to respond in a hurry to
large unexpected forces. A special set of large motoneurons capable of
firing at high and variable rates and dispatching their impulses at top
velocities to a power supply of fast “white” muscle fibres is available for
this. The slow “red” muscles of the tonic variety are governed by smaller
motoneurons prone to be recruited at slow constant firing rates with
impulses conducted at slower velocities than those of their phasic
partners.

Mind and Motricity

Sherrington surmised that “mind, recognizable mind, seems to have
arisen in connection with the motor act. Where motor integration pro-
gressed and where motor behavior progressively evolved, mind progres-
sively evolved” [2, p. 213]. Considering that perfecting motor acts means
to rid them of conscious components and automatize them as quickly as
possible, what is the connecting link between the two in Sherrington’s
interpretation of directiveness in evolution? On the face of it, “mind”
certainly seems more intimately tied to sensory perception than to
mOtrlCl[y.

Very likely, Sherrington thought of the emergence of voluntary
movement as a climax in the parallel development of motricity and
mind, for instance, speech and the precision grip, to mention only the
greatest achievements of our species. The mind appears as the ultimate
designer of programs: the motor apparatus carries them out. Jointly,
they represent purposiveness elevated to the hierarchic optimum of con-
scious awareness.

Voluntary Movement

Voluntary movements have been studied from the beginning of phys-
iological science. This fact seems so natural that we never think of speak-
ing of “voluntary sensations.” Yet, for the senses, arousal and attention
play the same role as in volition. At “will” we can call up perceptions
belonging to the higher senses. The sensory messages invading the ner-
vous system are subjected to both voluntary and involuntary constraints,
as are the movements by which the nervous system in its turn invades the
environment.

Experiments emphasize that execution and volition actually are as
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separable as seems reasonable to expect. If a delay is inserted between
vision and a hand movement (by a videotape loop), as in the experiments
of Smith and Smith [3], it becomes difficult to draw and write. In spite of
this seemingly intimate connection, so vulnerable to interference, the act
of writing can at any moment be transposed into a different set of mus-
cles differently timed, as when writing with a pen on a long stick or with
the pen inserted between the toes. The executive motor apparatus is at
the disposal of the wanted goal. The program is fixated in volition, at
least until its moment of fulfillment. It must needs be accomplished,
even if clumsily, when normal means of performance are prohibited.
This creative versatility of the motor apparatus, already once encoun-
tered, operates as if it were tied to purposiveness as such, that is, as if the
rule of the game were to realize an intrinsic need for coupling the idea of
a motor goal to its accomplishment. The motoneurons and the muscles
are forced to “deliver the goods,” whatever the obstacles.

Similarly, in speech, the motor apparatus is at the disposal of the
creator of language, even if it were forced to act in the service of a
ventriloquist. In this case, too, the great unsolved problems reside in the
mechanisms responsible for defining the goal and transmitting it to
motricity. Language itself'is ruled by grammar, but, as has been often em-
phasized by Chomsky [4, p. 73], there is behind it a deep structure of
grammaticality, a kind of internal logic of “meaning” that so far, at least,
has been inaccessible to physiological analysis. This situation is hardly
unique for language. In complex movements, the brain behaves as if it
were in possession of a quite “uncanny knowledge” of mechanics (Pur-
don Martin’s expression), as clearly seen in the example with the organ
player [5]. A system of secret innate rules is in operation to ensure that
the player neither falls from his chair nor hits the wrong key by hand or
foot in his attempts to handle gravity, masses, acceleration, and timing in
the service of musicality.

Thus, the solution to the unsolved problem of the internal rules reg-
ulating ordinary complex movements integrating voluntary demands
and postural accompaniments resides somewhere in the hierarchic strata
of the brain. Our understanding does not reach much beyond a verbal
description of what takes place. What we do know is limited to the
executive “marionette” and to something about the combined alpha and
gamma activities in voluntary and automatic movements.

Anticipation and Prediction

The motor acts directed toward achieving something in the environ-
ment represent anticipation of an effect. This, we know, is subject to
correction by feedback. A motor program may be described as an orga-
nized anticipation. Fundamentally, motricity and sensory perception do
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not differ in this regard, as shown by the existence of well-known illu-
sions in both fields.

The tendency to predict or anticipate turns up in the motor field with
properties suggesting that intent or purpose expresses some innate
property of the nervous system. Thus, Hagbarth [6] and Evarts and
Granit [7], studying the effect of an intended movement upon a stretch
reflex several times repeated, found that it increased in response to a
facilitatory instruction on the part of the performing subject and then
lingered on for a while as if the motoneurons had predicted continued
support. This took place although the instruction already had been re-
versed to oppose the reflex. When immediately after this inhibitory
period the instruction again was reversed to facilitation, the reflex failed
to appear for some time as if it had anticipated continuance of suppres-
sion before it slowly readjusted itself to the new situation and its opposite
instruction from “above.” As all this was seen in the monosynaptic com-
ponent of the stretch reflex, the result implied anticipation at the level of
the motoneurons. The two opposite instructions were, of course, volun-
tary activities; the monosynaptic reflex, a spinal cord event. Despite this,
the latter succeeded in maintaining for a while an independent predic-
tive behavior, as if it had established a motoneuronal engram slowly
vanishing on its own time course.

Another interesting situation was analyzed by Nashner [8]. The
stretch reflex of the ankle extensors of a man standing on a platform was
tested. A sudden backward shift of the platform elicited a stretch reflex
opposing the subject’s inclination to fall forward. When the same reflex
was elicited by a likewise sudden turn of the platform around a horizon-
tal axis in such a way as to force the subject’s heels downward, it failed to
maintain itself for more than a few successive tests. In this situation the
reflex would have contributed to unbalancing the subject. It was, there-
fore, not only meaningless but also directly harmful. Without awareness
on the part of the subject, the reflex simply disappeared, having lost, so
to speak, its original purpose in the service of stabilization.

It is hardly necessary to present more examples of purposive anti-
cipations, for in the field of psychotechnics, numerous papers have been
devoted to them; but there is a reason why I cannot resist mentioning the
experiments of Flowers [9] in which a subject was supposed to track with
a joystick a sinusoidal movement of variable frequency appearing on a
screen. This was soon accomplished by anticipation. My reason for
mentioning this experiment here is that Flowers’s patients with Parkin-
son’s disease failed to produce this sensible anticipation, even at the slow
frequencies that they were perfectly capable of following. In this case,
therefore, the hierarchic level of the anticipatory behavior is likely to
have been very high.

The common denominator of all these experiments—which easily
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could be multiplied—is the presence of an automatic component of sen-
sible adjustment to the variable requirements of a motor task. This com-
ponent can only be defined in nonphysiological terms by referring to
concepts such as “relevance” for something or, more generally, purpos-
iveness. The time of adjustment is measurable, and these measurements
show the process to be a kind of short-term plasticity. Generally, “plastic-
ity” refers to much slower processes, some of which have been studied
lately (see, e.g., Miles and Fuller [10], Davies and Melvill Jones [11], and
Melvill Jones and Davies [12]. The physiological mechanisms may be
different in the two cases, but both are sensible adjustments illustrating
the leading biological principle of purposiveness [13].

Motor Memory

At the higher hierarchic levels, there cannot be much of a difference
between motor and sensory memory or learning. But the “motor
marionette,” ruled from above, engages structures known to be exclu-
sively devoted to motricity, such as, for instance, the ventral portion of
the spinal cord with its motor lamina; and from this point of view con-
siderable interest attaches to the experimental demonstrations of specific
properties of motor learning. In considering this question, we would be
better off if we had a good grasp of how automatizations are established.
In some cases it has been shown to involve a replacement of visual
control by proprioception [14].

However, that there are real differences is illustrated by the following
experiment by Posner [15]. It was found that blind kinesthetic learning
to move a lever over a given distance led to considerable forgetting,
while conscious visual localization of positions was easily remembered
over that time. At the same time, conscious visual memory proved to be
the more delicate mechanism; an interpolated act, such as a verbalized
task inserted in the pause between the checkings, obliterated the visual
engram, while similar interference with motor memory did not disturb
learning.

There is also another well-known case, analyzed in detail by Brenda
Milner [16]. A patient, after removal of the two temporal lobes with
encroachment upon the hippocampi or the temporal stem fibres, only
had a short 15-minute memory at his disposal [17]. When undergoing
daily training for a motor task, the apparatus was quite a new sight to
him on every occasion, whereas his motor skill improved from day to day
during the time of experimentation. Long-term engrams could thus be
formed within the motor field despite absence of the capacity for endur-
ing visual memory.

A kind of innate remembering of stepping apparently resides in the
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spinal cord. After treatment with DOPA, stepping can be elicited in the
spinal cat by repetitive stimulation of dorsal roots [18].

Such problems actually seem to be within reach of physiological
analysis. A lot of interesting information about the role of the cerebel-
lum, the basal ganglia, and the spinal cord is available. They concern the
motor marionette as such and for this reason present the physiologist
with analyzable material in mechanistic terms.

Coneluding Remarks

It may seem to be an artificial distinction in this discussion when
motricity has been split up into two parts, a motor marionette and its gov-
ernor, whose interpretation requires a conceptual world of a different
order. The former presents us with a number of straightforward physio-
logical problems, many of which have been successfully tackled by circuit
analysis in which “timing” is always an essential ingredient. The gover-
nor relates to the environment by nonmechanistic concepts such as voli-
tion, anticipation (prediction), or relevance for some purpose. It has
been shown in the former sections of this paper that motor acts subjected
to such governing are exposed in a plastic manner to the domination of
the ruling organization, be it then called volition, relevance, prediction,
anticipation, or purpose. The demanded goal rules supreme in the sense
that it does not shrink back from employing any kind of available means
for welding motricity into compliance. To this end, it makes use of the
characteristic capacity of the motor apparatus to create entirely new
movements at a moment’s notice. We may or may not be aware of these
internal machinations.

An analogy with language was brought up to widen the perspective on
the nature of our problem. The deep inner structure of motor control is
as difficult to understand as is the inner grammaticality sustaining cre-
ative language. The multicellular events in hierarchic top organizations
obviously have a logic of their own. At the same time, it does not seem
entirely excluded that, for instance, anticipation at a more primitive level
could be a cellular property not directly dependent on circuitry. Well
known are the classical experiments of Jennings in which the unicellular
Paramecium refuses to repeat a first intake of an unappetizing dye
streaming past the cilia of its funnel-shaped orifice.
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