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   It is already more than a century since FRITSCH and HITZIG [32] discovered the 
motor cortex in the dog. The discovery was so sensational that a vast number of 
experiments were carried out to further elucidate cortical motor function during the 
following years. In the beginning the effort was focused on delineating the 
localization of motor function within the motor cortex. Little attention was paid to 
the sensory input to the motor cortex because suitable techniques for studying it 
were lacking. With the progress and development of electrophysiological technique, 
MARSHALL et al.[53] succeeded in demonstrating evoked potentials in the monkey 
sensory cortex in response to tactile stimulation. Shortly following this report, 
ADRIAN and MoRuzzi [1] observed increase of impulses in the medullary pyramid in 
response to sensory stimulation in lightly anesthetized cats. The latter result 
suggested that sensory impulses which arrived at the motor cortex could have 
activated pyramidal tract cells although there was still a possibility that these PT 
cells were located in the sensory cortex. Several decades later, aided by the newly 
developed closed chamber method, MOUNTCASTLE [55] examined the details of 
sensory input to the somatic sensory cortex in unanesthetized cats. He found that 
each neuron receives precise epicritic information arising from a particular part of 
the body. Shortly after that discovery, BUSER and IMBERT [22] and BROOKS et al. [21] 
reported similar results in the cat motor cortex. 

   We subsequently have found that there is a tight coupling between the afferent 
input to and the efferent outflow from the motor cortex in the cat [8]. In the monkey, 
however, the results were controversial. While POWELL and MOUNTCASTLE 

[65] demonstrated that the sensory cortex receives finely grained epicritic input, 
others [2, 29] reported that this was not the case for the motor cortex. It was 
reported that the motor cortex receives input mainly from deep receptors, and not 
the well-localized tactile input which impinges onto the sensory cortex. These early 
findings differed from our own observations. We found that the monkey motor 
cortex also receives precise epicritic input from the periphery and that the input-
output relationship in motor cortical neurons was precisely organized [57, 67]. From
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these data obtained in both cats and monkeys, we established the existence of 
cortical efferent zones which when activated produce contraction of a particular 
muscle. These efferent zones themselves receive afferent inputs which are produced 
by contraction of the target muscles, thus constituting closed loop circuits between 
the motor cortex and the periphery. These efferent zones are columnar in shape and 
spread along the direction of radial fibers in the cortex, the diameter of which is 
around 1.0 mm. These efferent zones are particularly well developed in the distal 
limb areas forming the shape of overlapping mosaic. 
   At the time when the input-output relationship was discovered, the sensory 
input pathway to the motor cortex was unknown. The motor cortex receives its 
major input from the thalamic area rostral to the sensory relay nucleus, i.e., n. 
verntralis lateralis (VL) in the cat and n. ventralis posterolateralis pars oralis 

(VPLo) in the monkey [59]. However, both the dorsal column and the spinothalmic 
pathways were thought to reach only the thalamic sensory relay nucleus, i.e., n. 
ventralis posterolateralis (VPL). On the other hand, it was known that the sensory 
cortex (area 2) projects to the motor cortex (area 4) both in the cat [39] and the 
monkey [40]. Therefore, it was generally thought that the sensory input to the motor 
cortex comes through the sensory cortex. On the other hand, it was known that 
removal of the sensory cortex produces very little motor S deficits [79]. Taken 
together, it was difficult to assign an important functional role to the sensory input 
to the motor cortex. 
   Concerning the function of the sensory input to the motor cortex, WELT et al. 

[82] proposed that this input constitutes the basis of tactile placing reaction. The 
tactile placing reaction was discovered by RADEMAKER [66] and succeeding analysis 
was made by Bard using the cat [15] and the monkey [16]. This is a reflex elicited in 
an animal blindfolded and held in the air with legs free. Under these conditions, the 
slightest contact of any portion of the hand or foot with the edge of a table results in 
an immediate and accurate placing of the palm or sole on the table. This reaction is 
abolished by ablation of the somatic sensory or the motor cortex, but does not 
disappear by removal of the rest of the cortex. Succeedingly, TOWER [77] dem-
onstrated that this reaction disappears by the pyramidal section. ROSEN and 
ASANUMA [67] thought the sensory input to the motor cortex serves as the basis of 
the grasping reaction. The grasping reaction is a reflex described by Denny-Brown 
in the monkey [27]. This is an orientation of the hand or foot in space such as to 
bring a light contact stimulus into the palm or sole which is ensued by facile 

grasping. This reflex also disappears by ablation of the sensory cortex. The 
characteristics of tactile placing and grasping indicate that these are cortical reflexes 
which are elicited by somesthetic input. 
   PHILLIPS [61] proposed an attractive hypothesis concerning the function of 
sensory input arising from muscle spindle. It is well known that the difference in 
activity of alpha and gamma motoneurons determines the sensitivity of spindle 
receptors. Phillips and his collaborators performed a series of experiments [24,43] to 
examine the pattern of cortical activation of alpha and gamma motoneurons. Based
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on these as well as the reports that group I afferents project to area 3a of the sensory 
cortex in the cat [60] and the monkey [62], PHILLIPS [61] proposed that input from 
muscle spindles to the cortex functions as a part of transcortical servoloop that 
signals the cortex when movement is disrupted and adjusts the discrepancy between 
the intended and actual movements.

I. DIRECT SENSORY INPUT PATHWAYS TO THE MOTOR CORTEX

   As already stated, these speculations described above were based on the 
assumption that the peripheral sensory input arrives at the motor cortex through 
the sensory cortex. This assumption was based mostly on anatomy, but there were 
some physiological studies which supported this interpretation. WIESENDANGER [83] 
recorded unitary activities of motor and sensory cortical neurons in response to 

peripheral nerve stimulation in the monkey and reported that the latencies of the 
responses in the motor cortex were much longer than those in the sensory cortex. 
From the results, he argued and concluded that the sensory input to the motor 
cortex comes through the sensory cortex. STRICK [74] studied activities of VL 
neurons during natural movements. He reported that VL neurons discharged prior 
to the start of the movements, but these neurons did not receive sensory input from 
the periphery. On the other hand, there were physiological studies which did not 
support the interpretation described above. MALLS et al. [52] reported that evoked 

potentials in the hindlimb area of the motor cortex elicited by stimulation of the 
peripheral nerve did not disappear by removal of the sensory cortex in the monkey, 
suggesting that the motor cortex receives peripheral input independently of the 
sensory cortex. This report, however, did not receive attention because of the 
difficulty of repeating the experiments. Later, THOMPSON et al. [76] studied 
characteristics of neurons in the sensory cortex projecting to the motor cortex in the 
cat. They reported that neurons at the interrelated regions of the two cortical areas 
received peripheral input from overlapping or contiguous areas in the periphery. 
However, blocking of the corticocortical connection by local cooling of the sensory 
cortex did not alter the receptive field characteristics of neurons in the motor 
cortex. ROSEN and ASANUMA [67] reported that the evoked potentials elicited by 

peripheral nerve stimulation and recorded in the motor cortex did not change their 
characteristics by cooling of the sensory cortex in the monkey. Thus the question of 
whether the motor cortex receives peripheral input directly from the thalamus was 
still controversial at this stage. 

   Systematic studies to solve the controversy were carried out by Asanuma and 
his collaborators [9-11, 13, 45]. Using the cat, they identified thalamic neurons 

projecting to the motor cortex antidromically by microstimulation of the motor 
cortex. By limiting the intensity of the stimulation, it was possible to ascertain that 
the identified neurons sent projection fibers to the motor cortex directly. Then 
receptive fields of the identified neurons were examined by natural stimulation. 
Figure 1 shows an example of the results obtained using the cat [10]. Whene the
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electrode was in the bulk of VL, neurons encountered did not receive peripheral 
input. However, when the electrode was advanced to the border area between VL 
and VPL, neurons encountered received peripheral input arising from circum-
scribed areas in the periphery. Some of these neurons were also activated 
antidromically by stimulation of the motor cortex, demonstrating that neurons 
located at the border area transferred peripheral input directly to the motor cortex. 
At around the same time, similar results were also obtained in the monkey by three 
different groups [11, 36, 47]. The pathways responsible for the direct input to the 
motor cortex were examined by recording peripherally elicited cortical evoked

Fig. 1. Histological reconstruction of electrode tracks and distribution of cells in the 
thalamus. A: drawing of electrode tracks and lesions reconstructed from the 
histological slides. Short bars on the tracks are location of neurons which did not 
receive sensory input. Long right side bars show locations of neurons which 
received skin input. Long left side bars show locations of neurons which received 
input from deep receptors. Circles indicate locations of lesions. Arrows show 
location of neurons activated antidromically by microstimulation of the motor 
cortex. B: receptive fields of neurons encountered during the penetrations. Circles: 
pressure or passive joint movement. Blackened areas: touch to the skin. Modified 
from ASANUMA et al. [10].

Japanese Journal of Physiology



SENSORY INPUT TO MOTOR CORTEX S

potentials and sectioning various pathways. The results demonstrated that the 
direct input ascends through both the spinothalamic tract and the dorsal columns in 
the cat [9] and primarily through the dorsal columns in the monkey [13] (Fig. 2). The 
results were in accord with the report that section of the dorsal column abolished 
sensory input to the motor cortex [20]. The results altogether provided strong 
evidence that the motor cortex receives peripheral input directly from the thalamus, 
but soon controversies arose. 

   Shortly after the above reports, TRACEY et al. [78] examined the sensory input 

pathway using the monkey. They reported that injection of HRP to VPLo, which 
corresponds to VL in the cat, did not retrogradely label the cells in the dorsal 
column nuclei nor did injection of tritiated amino acid into the dorsal column nuclei 
lead to autoradiographic labeling of terminals in the VPLo. They concluded that the 
origin of short latency sensory input to VPLo, hence to the motor cortex, is unclear. 
The crucial question for this kind of experiments is the identification of the border 
area between VPLo and VPLc. At the time when VPL was subdivided by 
OLSZEWSKI [$9], knowledge of the anatomy and physiology of this area was still in 
the formative stage. This area is composed of evenly and sparsely distributed large 
multipolar cells. In addition, there are many smaller cells. Olszewski subvivided this 
area into VPLo and VPLc based on the density of the smaller cells. In some mon-
keys, the population of smaller cells changes abruptly at the border area between the 
VPLo and VPLc, but in many cases, delineation of the border line between these 
two areas is rather difficult. Furthermore, it was, and still is, practically impossible

Fig. 2. Sensory input pathways to the motor cortex in the monkey. Contractions of a 
muscle stimulate related receptors and intitiate sensory impulses through dorsal 
column (DC) and spinothalamic (STT) pathways. DC sends input to both motor 
cortex (M-Cx) and sensory cortex (S-Cx), but STT sends input primarily to the S-
Cx.
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to draw a line between the areas which actually project to the motor and the sensory 
cortices respectively. In their study, TRACEY et al. [78] used peripherally evoked field 

potentials in the VPL as the guideline to locate VPLo on the stereotaxic coordinates 
and then injected HRP to the same site. They also injected tritiated amino acids to 
an area between the cuneate and gracile nuclei and examined the labeled terminals 
in the thalamus in reference to thalamic cytoarchitecture. Shortly after this report, 
BERKLEY [17] investigated the same problem in a different way. Instead of depending 
entirely on cytoarchitecture, she used a double orthograde labeling technique to 
compare the projections to the thalamus from the deep cerebellar nuclei, dorsal 
column nuclei, and spinothalamic tract using the cat and the monkey. The basic 
idea was that the thalamic area which receives input from the deep cerebellar nuclei 

projects to the motor cortex. She found that the border area between VPL and VL 
in the cat and the caudal parts of VPLo in the monkey received converging input 
from the deep cerebellar nuclei, the dorsal column nuclei, and the spinothalamic 
tract. CRAIG and BURTON [25] injected HRP into the cervical and/or lumbar 
enlargement of the spinal cord in cats and raccoons and examined distribution of 
fibers containing anterogradely transported HRP. They found that the labeled 
fibers distributed widely in the thalamus including VL. On the other hand, GREENAN 
and STRICK [33] injected HRP into the motor cortex and tritiated amino acids into 
the cervical spinal cord in the monkey. They found no overlap between spinothal-
amic terminals and thalamic neurons which were retrogradely labeled from the 
motor cortex. More recently, HIRAI and JONES [35] restudied the same problem 
using a double labeling method in the cat. They injected fluorogold into the motor 
cortex to retrogradely label the thalamic projection neurons and injected Fast Blue 
into the dorsal column nuclei or the spinal cord to anterogradely label the terminals. 
They found no overlap of the projection neurons and lemniscal terminals, but found 
overlap of spinothalamic terminals and the projection neurons. Thus, the results of 
anatomical studies about the sensory input pathways to the thalamic area which 

projects to the motor cortex are still controversial, in particular with respect to the 
dorsal column input to VL or VPLo. 
   Physiological experiments revealed different results. Using the cat, TAMAI et al. 

[75] identified thalamic neurons projecting to the motor cortex by intracortical 
microstimulation (ICMS) of the motor cortex using a coarse pipette electrode filled 
with HRP solution. Whenever antidromic spikes were recorded in response to the 
ICMS, natural stimulation was delivered to the periphery to examine whether the 
cell received peripheral input. When the cell responded to both stimulations, a small 
amount of HRP was injected iontophoretically to the same site; 2-3 days later, 
retrogradely labeled cells were examined in the cuneate nucleus. They found that in 
all injected animals, labeled cells were found in the caudal cuneate nucleus. In the 
succeeding study, WATERS et al. [81] repeated the experiments using a more sensitive 

physiological method to eliminate the ambiguity resulting from spread of HRP 
around the injection site in the thalamus. The initial procedure was the same as in 

. the previous experiments [75]. After identifying the thalamic neuron which re-
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sponded to both stimulations, a second electrode was inserted into the caudal 
cuneate nucleus while microstimulation was delivered from the first electrode. When 
the microstimulation through the first electrode elicited antidromic spikes in the 
cuneate nucleus, the first electrode was used for recording and the second electrode 
was used for stimulation to elicit orthodromic activation of the projection neurons 
in the thalamus. When an orthodromically activated neuron was recorded by the 
first electrode, this spike was collided by antidromic spike elicited by ICMS of the 
motor cortex to ascertain that the orghodromically activated neuron projected to 
the motor cortex. Altogether 6 neurons in the VL-VPL border area responded to 
both ICMS and cuneate stimulations. The results conclusively demonstrated that 
some border area neurons transfer lemniscal input to the motor cortex in the cat. 
Thus the physiological results altogether clearly demonstrated that the motor cortex 
receives peripheral input independently of the sensory cortex both in cats and 
monkeys and this sensory input ascends through the lemniscal pathway to the 
motor thalamus. 

   More recently, MACKEL and NoDA [50, 51] used, for the first time, intracellular 
recording techniques to shed new light on the controversy of whether thalamocorti-
cal relay neurons in the cerebello-cerebral circuit receive spinal input or not. The 
relay neurons were identified by their monosynaptic input from the contralateral 
deep cerebellar nuclei and many of these neurons were additionally identified as 
thalamocortical projection neurons in response by antidromic stimulation of the 
motor cortex. Intracellularly recorded postsynaptic potentials were studied in these 
neurons in response to stimulation of the dorsal column and in resonse to activation 
of spinothalamic afferents. It was found that more than 70% of VL neurons 
responded to dorsal column and/or spinothalamic stimulation with short- and long-
latency excitatory or inhibitory postsynaptic synaptic potentials. The results 
indicate that a considerable amount of somatosensory integration occurs in the 
motor thalamus. 

   In view of earlier anatomical work (see above), the data of MACKEL and 
NODA [50] were less surprising in respect to stimulation of spinothalamic afferents 
than in respect to stimulation of dorsal column afferents. Since there is no ana-
tomical evidence for a projection from the dorsal column nuclei to the bulk of VL, it 
suggested that the postsynaptic responses were relayed via a structure(s) in-
tercalated between the dorsal column nuclei and VL. There are, however, anatomi-
cal data, which demonstrated that the dorsal columns project to the pretectum [18, 
83] and the pretectum to VL [3, 38]. Taking advantage of these reports, it became 

possible to investigate the effects of pretectal lesions on postsynaptic potentials 
recorded in VL neurons in response to stimulation of dorsal column afferents [51]. 
Following pretectal lesions, they found that all short latency input from the dorsal 
columns to VL was abolished while only longer latency input remained. The data 
suggest that the pretectum is indeed intercalated between the dorsal columns and 
VL and forwards spinal information to VL relay neurons. The findings that VL 
neurons receive a substantial amount of excitation and inhibition from spinal
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afferents implies that the cerebellar commands can be modified before they reach 

the motor cortex. It also implies that the motor cortex receives more sensory 

information from the thalamus than is generally believed to be the case.

II. FUNCTION OF SENSORY INPUT TO THE MOTOR CORTEX

   The importance of the sensory input for movement has been known for a long 
time. More than a hundred years ago, Claude BERNARD [19] reported that section of 
the dorsal roots impaired movements in the frog and the putty. MoTT and 
SHERRINGTON [54] repeated the experiment with the monkey and reported that 
dorsal rhizotomy practically abolished movements of the hand and foot, although 
movements of proximal joints were less impaired. Later study demonstrated that by 
careful training, the deafferented monkey could learn to use the affected arm and leg 
although the movements were abrupt and exaggerated and were different from 
normal animals [42]. Furthermore, it has been shown recently that after dorsal 
rhizotomy, the monkey still could manipulate a handle and bring it to a target area 

[63]. It should be noted, however, that to be able to move the hand to a gross target 
is different from being able to use the hand skillfully. A recent study on a 
deafferented patient [68] showed that the subject could learn to move the hand 
accurately as instructed, but in daily life, the hands were useless. The patient was 
unable to fasten his shirt button or to hold a water cup in one hand. However, since 
section of the dorsal roots obstructs the sensory input not only to the higher central 
nervous system but also to the spinal cord, it is difficult to fully understand the 

genesis of the deficits. 
   As already described in the preceding section, the functional role of the sensory 
input to the motor cortex was though to be minute until recently. Discovery of 
direct input from the thalamus, however, made it clear that not only sensory cortex 
ablation, but also dorsal column section are necessary to remove the sensory input 
from the motor cortex. Section of the dorsal column has been studied repeatedly. 
MoUNTCASTLE [56] reviewed the effect of the section in various animals including 
humans. He concluded that dorsal column section results in profound alterations in 
somatic sensitivity of the ipsilateral side of the body. WALL [80] reviewed the effects 
not only on sensory, but also on motor functions. From various controversial 
reports, he concluded that the dorsal column is related not only to the sensory, but 
also to the motor functions. These are failure to handle objects in extrapersonal 
space, and immobile posture, especially in the absence of vision. Although 
interpretation of the results of dorsal column section is still controversial, one 
common observation is that the section by itself does not produce clear motor 
deficits which can be recognized easily. However, when the section was combined 
with sensory cortex ablation, the monkey was totally incapable of purposeful 
movements [6]. As shown in Fig. 3, the monkey tried to pick up a peanut from the 
hand in front, but in many cases, he could not reach the target. When he could pick 
it up by chance, he tended to drop it when he tried to eat it. Occasional success
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encouraged him to keep trying the task. Thus the combined ablation produced loss 
of orientation and coordination which lasted during 2 months observation. The 
results clearly demonstrated that sensory input to the motor cortex is indispensable 
for execution of skilled movements. A natural question is how does the input 
participate in execution of movements in normal animals. The dominant theory that 
the "transcortical loop functions by correcting error when intended movement 
encountered unexpected obstable [61]" does not explain the above observation, 
because in that monkey, the hand did not encounter an obstacle, but could not 
reach the target. On the other hand, it has been proposed that the loop circuits 
circulate impulses between the cortical efferent zone and the periphery to set up 
excitability level of the cortical efferent zones [5]. Later, FAVOROV et al. [28] 
developed this proposal further and called this the "preferential bias theory (1988)."

III. PREFERENTIAL BIAS THEORY

   If we think of skilled voluntary movements, the start may look abrupt, but in 
many cases, it is not. For example, when a cat tries to catch a prey, it waits patiently 
until the prey approaches within the reach of the jump. During that time, it is 
known that the so-called "readiness potential" appears from wide areas of the 
cortex [26] including the motor area [58] before start of the movement. This suggests 
that cortical neurons including those in the motor cortex start their activity long 
before the actual movement. Although we do not know the genesis of this potential, 
it is highly likely that during the premovement period, various loop circuits within 
the higher brain increase the traffic of nerve impulses resulting in the generation of

Fig. 3. Motor deficit produced by combined lesions of the sensory cortex and the 
dorsal column. The monkey tried to pick up a peanut from the experimenter's hand, 
but could not make appropriate movements. The drawings were made from movie 
frames. From AsANUMA and ARIssIAN [6].
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such cortical potential. Concerning the traffic of nerve impulses, the motor cortex is 
known to have loop circuits with the sensory cortex, the premotor area, the 
association cortex, subcortical nuclei, the cerebellum, various sensory relay nuclei, 
the spinal cord and the periphery. Among these, the loop circuit with the periphery 
seems particularly important because interruption of this circuit jeopardized 
cortical motor function [6]. A question then is how does this circuit participate in 
execution of skilled movements? 

   As we cited previously, the cat does not move while waiting for the approach of 
the prey, but this does not mean that the tone of the muscle stays the same. On the 
contrary, it is likely that the tone of the would-be activated muscles is increased in 

preparation for the coming jump and start circulating impulses between the motor 
cortex and the periphery. This would increase the excitability of the would-be 
activated cortical efferent zones and at the same time, inhibit the neighboring zones 
by surround inhibition. In this way, the cat can increase the excitability of selected 
muscles necessary for the expected movement more accurately and when a 
command signal arrives, can pursue the movement more efficiently. The question 
whether this is in fact the case was examined by FAVOROV et al. [28] using the 
moneky. They trained the monkey to sit in a chair and to pick up a food pellet from 
a hole on a rotating foodboard. The food was delivered to the hole through a slot 
located at the opposite side of the monkey with a click noise so that the monkey was 
aware when it was delivered. The monkey was trained not to move the hand until 
the food approached to within the reach of the hand. This was a situation similar to 
that of a cat waiting for a prey. Figure 4 shows neuronal activities during this pick 
up task. Left top shows the electrode track into the motor cortex and the sites where 
neurons related to the pick up task were recorded. Pictures in the left half of the 
figure show receptive fields of these neurons examined by natural peripheral 
stimulation and the movements produced by microstimulation at the same site. The 
histograms in the right half of the figure show activities of 7 neurons during the pick 
up tasks. As shown, most neurons increased their discharges in relation to the start 
of the pick up tasks, but neuron no. 7 increased the firing rate immediately after 
delivery of the food during clockwise rotation. They found that about 10 % of 
cortical neurons which were related to the pick up task showed this kind of early 
discharges and almost all of these increases appeared in one direction of the 
rotation. Some of these early discharges were accompanied by slight increase of 
EMG activities in the target muscle although the animal did not move the hand. 
This specificity in increase of discharge rate may be resolved by the following 
consideration. Since the movement of fingers to pick up a food pellet from a hole 
moving in one direction is different from the movement for pick up of a food pellet 
approaching from another direction, this increase of muscle tone seems to be 
specific for a specific movement. Section of the dorsal columns abolished these early 
discharges and also resulted in retardation of motor skills. These results clearly 
demonstrated that there was an increase of circulation of nerve impulses between 
the motor cortex and the periphery before the start of actual movements. These
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Fig. 4. Examples of cells discharging during the food pick up tasks. Left top: electrode 
track and the sites where the cells were recorded. CS: central sulcus. First-column 
pictures: peripheral areas (RF, receptive fields) whcih sent afferent impulses to 
these 7 neurons. Blackened areas: touch. Circles: joint movements. Second-column 
pictures: motor effects produced by microstimulation (ICMS) of the recorded sites. 
Numbers: threshold currents. Histograms (right): discharges of respective neurons 
before the delivery of the food until after the start of the hand, movements. 
Arrowheads: delivery of the food and start of the hand movement. From FAVOROV 
et al. [28].
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results supported their interpretation that the sensory input changes excitability of 
cortical efferent zones by increased circulation of impulses between the cortex and 
the periphery and they proposed this mechanism as one of the bases of skilled 
voluntary movements and called it as the "preferential bias theory." So far, this is 
the latest theory about the function of the sensory input to the motor cortex. If this 
theory is correct, it predicts that increase of impulse circulation in a particular loop 
facilitates contraction of that particular muscle. It should be noted that it is our 
daily laboratory experience that motor cortical neurons discharge continuously 
even when the animal is at rest. Gentle natural stimulation of the receptive field of 
these neurons, including PT cells, produces vigorous discharges of these neurons, but 
the animal stays still. Besides, FETZ and FINoccHio [30] have shown that these 
resting discharges can be reinforced by operant conditioning without EMG 
activities. These results might suggest that discharges of motor cortical neurons 
including PT cells are not necessarily correlated to movements. The new theory may 
fit well to these observations.

IV. INDIRECT INPUT TO THE MOTOR CORTEX

   The motor cortex receives input not only from the thalamus, but also from 
various areas of the cortex. These are the sensory, premotor, supplementary and 
association cortices. It also receives commissural input from the contralateral motor 
cortex, except for distal limb areas. These projections were studied mostly anatomi-
cally but their functions are still virtually unknown. Recently however, some 

progress has been made in the study of sensory to motor cortex projection and these 
will be discussed here. It is known that area 2 of the sensory cortex projects to the 
motor cortex in both cats [39] and monkeys [41]. It has been shown that cooling [76] 
or removal [11] of the sensory cortex including area 2 does not alter characteristics 
of sensory input to motor cortical neurons, hence the main function of the 

projection does not seem to be the transfer of the sensory information to the motor 
cortex. Although removal of the sensory cortex by itself produces very little motor 
deficits, removal or section of the projection fibers [6] after dorsal column section 

paralyzes the animal. Furthermore, when the sensory cortex was removed after 
recovery of motor function following cerebellar lesion, the recovered function was 
decompensated [49]. These observations suggest that this system is involved in some 
motor functions. Anatomy of this projection system will be reviewed first. EM 
studies have shown that the projection fibers terminate diffused in all cortical layers, 
but most heavily in the superficial layers (II and III) [37, 73]. Recent histochemical 
study [64] revealed that the projection is not diffuse, but specific. Injection of a small 
amount of PHA-L into the sensory cortex labeled terminal fibers which formed a 
few column-like arrays in the motor cortex, the diameter of which corresponded to 
that of motor columns. 
   Concerning the function of this projection, SAKAMOTO et al. [69] found that 
tetanic stimulation of area 2 produced long-term potentiation (LTP) of synaptic
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transmission in motor cortical neurons. It has been shown that ICMS of area 2 

produces monosynaptic EPSPs in neurons in the superficial layers of the motor 
cortex [44]. Sakamoto et al. first recorded monosynaptic EPSPs in the motor cortex 
and then delivered tetanic ICMS (200 Hz, 20 s) to the same site and examined 
amplitude of EPSPs elicited by the following ICMS (1 Hz). They found a marked 
increase in the amplitude of EPSPs after the tetanic stimulation which lasted as long 
as the electrode stayed stably inside the cell, the maximum being 25 min. This LTP 
seems specific to a specific input. Occasionally they were able to elicit monosynaptic 
EPSPs in one cell from 2 sensory cortical sites. As shown in Fig. 5, tetanic ICMS to 
one site produced LTP in homonymous input, but not in heteronymous input. Since 
it is generally agreed that LTP is one of the bases of learning and memory, this 
observation raised a possibility that association input from area 2 to area 4 is related 
to motor learning and memory. To examine whether this was the case, SAKAMOTO et 
al. [70] subsequentely performed the following experiments. Cats in which area 2 of 
one hemisphere was removed were trained to acquire a new motor skill using either 
forelimb alternately. The task was to pick up a food pellet (cat biscuit) from a 
beaker placed at a short distance (5 cm) from the cage, by extending one of the 
forelimbs. Since the biscuit was too hard to be pierced with claws, the biscuit fell

Fig. 5. Effect of tetanic stimulation on EPSPs of the same cell elicited from different 
sites. Inset shows stimulating and recording setups. Stimulation through E 1 and E2 

produced short latency (monosynaptic) EPSPs in a motor cortical neuron. Tetanic 
stimulation through E2 produced LTP in the following EPSPs, but not in EPSPs 
elicited by stimulation of El. Modified from SAKAMOTO et al. [69].
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down into the space in between when the cat raked the beaker to pick up the food. 
Therefore, the cat had to develop a new skill of combined supination and flexion of 
the wrist to bring the food back to the cage. A normal cat could learn this task 
within 2-3 weeks. When the sensory cortex was hemi-decorticated, the control limb 
could acquire the skill within the same period of time (2-3 weeks), but the 
experimental limb needed much longer time (4-6 weeks). Then the remaining 
sensory cortex was removed. There was a transient motor deficit following the 
operation, but the learned motor skill returned to the preoperative level within 2-3 
days. The results can be interpreted in various ways, but since the projection from 
the sensory cortex to the motor cortex can produce LTP, it is likely that this 

projection participated in the learning of the motor skills.

V. CLOSING REMARKS

   One of the major progresses in the study of the motor cortex during the past 
decade was the discovery that the sensory input to the motor cortex plays an 
important role in the execution of voluntary movements. Concerning the mech-
anisms subserving the execution of voluntary movements, we have proposed [28] 
that circulation of impulses between the efferent zones and the periphery plays an 
important role by increasing excitability of the cortical efferent zones and facilitates 
contraction of related muscles. This theory is based on the assumpiton that cortical 
efferent zones constitute the basis of cortical motor function. While it is firmly 
established that there are cortical efferent zones and that there are closed loop 
circuits between the cortex and the periphery [4, 34], there are still some unsolved 

problems concerning this circuit. The cortical efferent zone is defined by the 
observation that threshold ICMS in this area produces contraction of a particular 
muscle [7] and contraction of the target muscle excites receptors related to the 
contraction which then send afferent impulses back to the original efferent zone [67]. 
However, it was later shown that each pyramidal tract cell in the efferent zone 
branches extensively in the spinal cord and innervates wide areas of the spinal cord 

[31, 71, 72]. Although it was found, later, that pyramidal fibers arising from a small 
area of the cortex have a common target [12, 23], a question still remains as to the 
function of the sensory input to those neurons having such a wide branching in the 
spinal cord. To answer this question, the functional significance of these neurons 
having extensive branching has to be ascertained first. If all of these branching are 

physiologically active, then stimulation of the motor cortex, no matter how it is 
done, should not produce contraction of an isolated muscle. On the contrary, with 
ICMS, it is easy to produce contraction of single muscles. Then, what are these 
branches doing while a muscle or a selected group of muscles contracts? It may be 
argued that these branches facilitate contraction of other muscles which are 
necessary to keep an appropriate posture while pursuing a particular movement. 
However, if we think of many cortically induced fine movements, such as dissecting 
a cell under a microscope or passing a thread through a needle hole, adjustment of
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the posture is not necessary. Since there are no reasonable experiments which 
suggest function of these branches, old behavioral studies will be reviewed. 
   The effect of pyramidal section was first studied by TOWER [77], but later, this 
was restudied more carefully by LAWRENCE and KUYPERS [46]. They sectioned the 

pyramidal tract in 39 monkeys; in 8 of these, the lesion was limited to the pyramidal 
tract. These animals could sit, stand, walk, run, and climb immediately after the 
operation. They soon regained the independent use of their extremities, but the 
capacity for manipulation of individual fingers never returned. Stimulation experi-
ment [14] revealed that after pyramidal section, ICMS could not produce con-
traction of individual muscles. Obviously the function of the pyramidal tract is not 
the regulation of the posture, but manipulation of individual muscles. Therefore, we 
still do not know about the function of these branches. This may be compared to the 
study of the spinal cord in the early stage. We now know that there are many 
afferent fibers from a muscle which send impulses not only to the spinal cord, but 
also to the higher centers, the function of which is yet to be fully understood. 
However, modern study of the spinal cord was started by simply classifying afferent 
fibers into groups Ia, Ib, and IT [48], ignoring all other complications. Needless to 
say, this classification simplified the study of the spinal cord and greatly contributed 
to the subsequent study of the central nervous system. By the same token, for the 
study of a sophisticated system such as the motor cortex which controls complicated 
movements, some simplification might also be necessary until more systematic 
knowledge is accumulated, and so was done by the reviewer in his research.

Key words : motor cortex, 

intracranial microstimulation
sensory cortex, direct and indirect sensory input, 
 voluntary movement.
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