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Abstract Neuronal activity in the supplementary motor area (SMA) and primary motor cortex (MI) have been compared in many experiments during performance of many different motor tasks. On one hand, the activity in both areas may appear similar, especially when the motor task is simple. On the other hand, if the motor tasks are more demanding, neuronal activity in the SMA exhibits a variety of complex relationship to many different aspects of motor behavior, while the activity in MI is mostly related to execution of motor task itself. Of particular interest is the neuronal activity in the SMA during preparation and execution of motor tasks when no external cues for the retrieval of appropriate motor act is available. Temporal sequencing of multiple movements is a typical example of the kind of motor task that requires profound activity in the SMA.
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1. New concepts of motor areas in the medial frontal cortex



Until recently, only one motor representation area was known to exist in the medial part of the frontal lobe, as described in classical reports [55,80]. However, it is now proposed that at least four somatomotor fields and one oculomotor field exist in the medial frontal cortex. [65]. Traditionally, the supplementary motor area (SMA) has been defined as a single motor area in the frontal agranular cortex, corresponding to medial part of Brodmann's area 6. However, some indications for possible existence of heterogeneity in this region has been obtained [2,15,25,42]. On the basis of cytoarchitectonic analysis combined with cytochrome oxidase histochemistry and detailed ICMS studies, Rizzolatti and coworkers proposed a view that two motor areas exist in the region of the cortex traditionally defined as the SMA [41,44]. They termed the rostral and caudal areas as F6 and F3, largely corresponding to 6ab and 6aa of Vogts [78]. They also reported the existence of neuronal activity characteristic in mesial 6ab, namely, the activity during arm reaching-grasping movements [57].
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Systematic attempts were made in our laboratory to determine whether it is possible to define two different areas unequivocally by a battery of physiological tests [45]. By implanting electrodes into the forelimb area of the MI, we found that field and unitary responses to electrical stimulation were distinct in the caudal part of mesial area 6, but not in the rostral part. The caudal part was distinctly more microexcitable by the ICMS than the rostral part. Neuronal responses to visual stimuli prevailed in the rostral part, but somatosensory responses were rare. The opposite was true in the caudal part [24,79]. Furthermore, single-unit activity during performance of a trained motor task was quantitatively analyzed and compared in the same individuals. Phasic responses to visual cue signals indicating the direction of forthcoming arm-reaching movement were more abundant in the rostral part. Neuronal activity changes during the preparatory period for forthcoming movement were also more frequent in the rostral part. On the other hand, phasic, movement-related activity was more frequent in the caudal part. These physiological findings provide sufficient evidence that two separate motor areas exist in this part of the cortex traditionally defined as the SMA. We have proposed to use the term 'presupplementary motor area (pre-SMA)' for the rostral part (corresponding to F6), and the newly defined SMA (corresponding to F3 or SMA proper).
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Further support for defining two separate areas is also provided by histological findings [16,45] that only the caudal part (newly defined SMA) has reciprocal connections with the MI, and that the pre-SMA but not the SMA receive massive projection from the prefrontal cortex (around the principal sulcus). Luppino et el. [40] performed a detailed analysis on the corticocortical connections of the pre-SMA (F6) and the SMA (F3), revealing differences in their connectivity. The pre-SMA receives a rich input from the area 46, anterior premotor cortex (their F5), anterior cingulate, and modest inputs from the inferior parietal lobule (PG and PFG) and the disgranular insula. On the other hand, the SMA is richly linked with the MI, posterior cingulate, and receives modest inputs from the PM, the postrolandic areas PC and PE of von Bonin and Bailey (1947), and the granular insula. In the face of these new findings, it seems necessary in future studies to differentiate the two areas. Although experimental results have so far been reported in subhuman primates, it seems likely that the distinction into two separate motor areas is also applicable to human subjects. Fried et el. [19] observed large differences of stimulus effects in the rostral and caudal portions of the mesial frontal cortex. Only in the rostral part of stimulus sites did they elicit 'urge' in the subjects to initiate movements. Furthermore, Deiber et el. [14] have examined the question of which cortical areas are active during selection of movement by the PET technique. They compared rCBF



changes while human subjects moved a joystick in a particular direction selected on the basis of information given under different conditions. The rostral part of the traditionally defined SMA differed in activity depending on how the selection was made, whereas the caudal part was similarly active under different conditions. The existence of motor areas in the upper and lower banks of the cingulate sulcus has been established by anatomical studies that revealed connections of the cingulate cortex with cortical and subcortical motor centers [3,26,43,47,48,77]. Recent histological studies found the existence of two motor areas, i.e. rostral and caudal cingulate motor areas [15,41]. By recording neuronal activity during performance of a motor task, two movement-related foci were demonstrated in the cingulate cortex of monkey [601. In addition to these somatomotor areas, an oculomotor area, defined as the supplementary eye field (SEF) [59], was found in the dorsomedial frontal cortex. The SEF lies rostrolateral to the SMA and pre-SMA, and is distinguishable from these two areas by its close relation to eye movements, and its anatomical connections to cortical and subcortical oculomotor centers. Some uncertainty has existed as to the exact location of the SEF and its relation to the SMA and pre-SMA. Confusion is caused partly by the use of strong electrical currents in evoking motor effects from medial motor areas. It must be cautioned that strong electrical stimulation, even with microelectrodes, will
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Fig. 1. Schematic drawing of the frontal cortex (viewed from top) to show approximate location of the SMA, pre-SMA, and SEF (supplementaryeye field), accordingto the definition adopted in this article.
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evoke eye movements from a broad area, because of physical and transsynaptic current spread. For instance, current pulses of 400 ~ A with 400 ms duration evoked saccades from a vast expanse of the dorsomedial frontal cortex [75]. The effective sites for evoking saccades shrinks dramatically when smaller currents were used, as typically described in Fig. 1 in the report by Huerta and Kaas [23]. By reducing the current to below 50 /zA, the effective site was localized to a small area several mm medial to the superior limb of the arcuate sulcus, but outside of the medial wall. The location of the small low-threshold focus for evoking saccades was confirmed by other studies [41,53]. When a small amount of tracer (WGA-HRP) was injected into this portion of the cortex, that particular area was found to project to subcortical and cortical areas closely related to eye movement [23]. On the other hand, if tracers are injected medial or caudal to this particular area, connectivity was found with limb motor areas, but not with eye-movement related areas [40]. The three different areas in the dorsomedial frontal cortex are connected to entirely different cortical or subcortical areas. The SEF, but not the pre-SMA or SMA, is connected to the dorsolateral cortical oculomotor area, i.e., the frontal eye field (FEF) [63]. The SEF is connected to such brain stem oculomotor enters as the superior colliculus or the nucleus raphe interpositus [23,61,62]. The SEF, but not the pre-SMA or SMA, shares common terminal fields of corticostriatal projection with the FEF [53]. These findings provide sufficient basis for viewing the SEF as an entity separate from the pre-SMA and SMA. The spatial relation of SEF to SMA and pre-SMA can be schematically drawn as in Fig. 1. On the other hand, the participation of the SMA and pre-SMA in eye movements, are not to be completely excluded. Under special conditions requiring eye-hand coordination or complicated usage of eye and limbs, the latter areas may well take part in such motor tasks.



2. Neurons in both SMA and MI are active in relation to relatively simple movements Because the definition of two areas, SMA and pre-SMA have only recently been established, it seems appropriate at this stage to compare the neuronal activity between traditionally defined SMA (including both SMA and pre-SMA) and MI, on the basis of previous reports. It is now well known that the SMA, in addition to the MI, are active in such types of movements that does not require temporal or spatial control in any complex manner. Changes in rCBF have been reported during simple limb movements [9,17,18,21]. Movement related potentials have also been recorded in the SMA before flexion or extension of hand or arm joints [5,27,30,74]. In monkeys, neuronal activity in the SMA changes before and during movements that are
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not complexly organized, and therefore not particularly difficult to perform [6,52,58,67,68,76]. These findings indicate that the SMA is, at least in some way, involved in simple movements. It does not necessarily mean, however, that the activity in the SMA is more involved in simple, rather than complexly organized movements [64]. Nor does it mean that such activity is crucial or essential for execution of simple movements. The relative rCBF changes accompanying repetition of simple movements are smaller in the SMA than in the MI. Changes in neuronal activity in monkey SMA were found to be smaller in magnitude than in the MI [68] when monkeys were simply pressing keys following trigger signals (the difference may reflect more restricted and patchy forelimb representation in the SMA [8]). This finding is in line with results of microstimulation analysis [25]. They applied single micropulses into efferent focal zones in the SMA and MI. Post-pulse facilitation of muscle activity was prominent from the MI, but modest from the SMA. These reports suggest less significant participation of the SMA in execution of simple motor tasks than that of the MI.



3. Neuronal activity in the SMA appear different from that in the MI In relation to certain types of movements, neuronal activity in the SMA may appear similar to that in the MI [8,10]. In such motor tasks, it was not possible to find clear differences in onset times of neuronal activity preceding movement onset, partly because individual differences among SMA and MI neurons are large. On the other hand, some differences in properties of neuronal activity in the two motor areas have been found [64]. Differences are detectable even in simple motor tasks. For instance, onset times of movement-related activity of a majority of MI neurons in reaction-time tasks are correlated with animal's reaction times. In the SMA, however, only a small number of neurons exhibit such correlation [68]. Another difference is the presence or absence of a selective relationship to a movement initiated differently. In MI neurons, the movement-related activity is similar, regardless of whether the movement is triggered by a visual, auditory or tactile signal [32,68]. In contrast, the activity of SMA neurons are often selective. An SMA neuron may be active when a movement is triggered by a visual signal, but not active when the same movement is triggered by an auditory signal [68]. Neuronal activity related to motor preparation is found in both MI and SMA [2]. However, if the preparatory process is more complicated, SMA neurons but not MI neurons are involved [73]. Furthermore, when subjects were required to use either right or left hand, or both hands together, the SMA activity was found to be strikingly different [70,71]. These reports provide evidence that properties of SMA neurons may appear different from MI
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neurons, depending on the nature of motor tasks required of subjects.



4. Relation to motor preparation Kornhuber and Deecke were the first to find that slow negative shifts of the cortical DC potential (Bereitschaftspotential, BP, or readiness potential) can be recorded long before the execution of motor tasks [12,13,29]. The BP, viewed as reflecting preparatory set and intention to act by these authors, has its maximum and earliest onset in fronto-central midline leads overlying the SMA and adjacent areas. This finding alone may not necessarily justify the interpretation that the BP reflects the activity in the SMA during preparation of limb movements. With subdural electrodes, the BP accompanying a simple limb movement was recorded more in the MI than in the SMA [51]. Results of the dipole source analysis [7] suggested that the predominant generator of the BP preceding simple finger movements may be in bilateral MI, rather than in the SMA. However, recent analysis of both electric and magnetic fields (EEG and MEG) in the same individuals reconfirmed the existence of an activity focus in the SMA [33]. They performed a three-dimensional analysis of MEG and EEG in a patient with infarction of the right SMA, thereby avoiding a possibility that magnetic fields of current dipole sources in the bilateral SMA may cancel each other. They were able to localize a current dipole source in the intact SMA starting 1200 ms prior to the initiation of voluntary movement of the right thumb. At about the same time of this MEG change, the initial component of the BP was recorded in EEG recordings. It should be added that the BP includes a long lasting phase (of more than 600 ms to several seconds), and a short lasting phase (of < 600 ms) [38], associated with different processes of motor preparation [39]. These findings suggest that the SMA is active long before initiation of self-initiated digit movement, even if the motor task is simple. Given these studies, detailed analysis of neuronal activity in the SMA related to motor preparation seems of interest. When monkeys were prepared to push or pull a handle in response to a forthcoming movement-trigger signal, the difference of the intended movements was reflected in the preparatory activity of SMA neurons [73]. Namely, the neuronal activity increased or decreased during the preparatory period, depending on whether the animal was intending (but not initiating) to push or pull a handle. In their study, it was also found that the magnitude of the preparatory activity in the SMA changed in parallel with the development of early muscle activity responding to a somesthetic stimulus as a trigger. In subsequent studies, the development of preparation for the direction of intended movement was found to be reflected in preparatory activity in the SMA [2,31]. However, the preparatory



activity or motor set reflecting direction of intended movement is found in many other motor areas in the brain, including the MI [20,46,56,66], and therefore, not a unique observation in the SMA. Are there any behavioral tasks that call for preparatory activity preferentially in the SMA? Three studies have reported the presence of marked preparation-related neuronal activity in the SMA, with only a little in the MI, if any. In the first of these reports [69], monkeys were required to be prepared to move or not to move, depending on the forthcoming sensory signals. Unlike ordinary G o / n o G O task, two different instructions told the animal to respond differently to two forthcoming signals. Under one condition, instruction A meant that the monkey had to press a key in response to signal X, but withdraw movement if the signal was Y. Under the next condition, instruction B asked the monkey to do the opposite. When observed during performance of this motor task, neurons in the SMA exhibited differential responses after the instruction A or B. In the second report [71], SMA neurons were found to be differentially active depending on whether the animal were prepared to move a single hand or both hands. In the third report [50], a group of SMA neurons exhibited selective activity depending upon whether the monkeys were prepared to perform sequential button-press movement under visual guidance or based on memorized information. Thus, the SMA seem to be more involved in preparatory processes than the MI, during a number of different behavioral paradigm. It is important to know whether such preparatory activity in the SMA is transmitted to the MI. A partial answer to this question was obtained when SMA neurons exhibiting the preparatory activity was electrophysiologically identified to project to the MI [73]. It was also found that MI neurons having the preparatory type of activity receive inputs from the SMA, rather than from the thalamus or the parietal cortex [1].



5. SMA neurons in organizing temporal sequences of multiple movements After ablation of the SMA and adjacent cortex, Laplane [37] reported that the only long-lasting deficit observed was disturbance of the alternating movements of the hands. Studies on cortical DC shifts revealed that the amplitudes of potentials in the medial frontal cortex were larger when motor tasks involved (1) sequential movements, (2) memorized motor sequence, and (3) bimanual coordination [4,11]. Subsequent studies [28,34,36] extended these observations further. Of particular interest is the finding [35] that a large DC potential shifts were recorded when subjects were tapping different rhythms bimanually. These reports prompted detailed animal experiments to investigate how SMA neurons are involved in sequential motor tasks, especially when performance of a motor task requires storage of information in memory. Thus, we trained mon-
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keys to perform a sequential, button-press movement in two different conditions [50]. In one condition (visually guided), they reached to and pressed three buttons by following lights illuminated individually. In the other condition (memory guided), they had to remember a predetermined sequence of buttons to be pressed. More than half of the SMA neurons were preferentially or exclusively active before and during the memorized motor task, whereas a vast majority of MI neurons were similarly active in the visually guided and memorized task. Furthermore, in the memory condition, a subset of neuronal activity in the
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SMA was of particular interest [49]. These neurons were active before or during only one type of sequential movement, reflecting motor memory. In a subsequent study [22], sequencing of multiple movements was required in the motor task. It was found that a majority of SMA neurons were preferentially active when the sequence was generated on the basis of memory. In recent reports, Paassingham and his colleagues put forth a hypothesis that the SMA is essential in retrieving appropriate motor actions in the absence of external cues, on the basis of a series of lesion experiments [54]. A good
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1 sec Fig. 2. Activity of a cell in the SMA exhibiting preferential relation to a specific order of three movements performed without sensory guidance. This cell is active during a waiting period, but only if the sequence of upcoming movements is in the order of turn, pull, and push (bottom). In raster displays, each row represents a trial, and dots represent individual discharges of this cell. Small squares, crosses, and triangles denote the time of occurrences of the trigger signal, movement onset, and target acquisition, In histograms, discharges over 12 trials are summated. Triangles at the bottom indicate the start of the first movement (adopted from [72]).
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test for the v a l i d i t y o f this v i e w is to require s u b j e c t s to r e t r i e v e m u l t i p l e m o v e m e n t s in an a p p r o p r i a t e t e m p o r a l order, w i t h o u t s e n s o r y cues. W e h a v e v e r y r e c e n t l y obs e r v e d activity o f S M A n e u r o n s w h i l e m o n k e y s w e r e p e r f o r m i n g t h r e e different m o v e m e n t s (push, pull a n d turn w i t h i n t e r v e n i n g p a u s e s ) in a v a r i a b l e b u t p r e d e t e r m i n e d t i m e s e q u e n c e [72]. W e h a v e f o u n d that a g r o u p o f S M A n e u r o n s w e r e e x c l u s i v e l y active in r e l a t i o n to a p a r t i c u l a r order of forthcoming movements guided by memory. Alt h o u g h t h e s e n e u r o n s (a typical e x a m p l e is s h o w n in Fig. 2) w e r e active d u r i n g a w a i t i n g p e r i o d b e f o r e the first m o v e m e n t , the activity i n c r e a s e d o n l y if the o r d e r o f the f o r t h c o m i n g three m o v e m e n t s w a s a specific o n e (turnp u l l - p u s h but not o t h e r w i s e ) . W e f o u n d a n o t h e r g r o u p o f S M A n e u r o n s that w e r e p r e f e r e n t i a l l y active d u r i n g the interval b e t w e e n two s p e c i f i c m o v e m e n t s . T h e s e n e u r o n s w e r e active d u r i n g a w a i t i n g p e r i o d b e f o r e e x e c u t i o n o f a p a r t i c u l a r m o v e m e n t , b u t o n l y after the p e r f o r m a n c e o f a n o t h e r p a r t i c u l a r m o v e m e n t . W e p r o p o s e that these activity in the S M A c o n t r i b u t e a signal a b o u t the o r d e r o f f o r t h c o m i n g m u l t i p l e m o v e m e n t s , a n d are useful for ret r i e v i n g a p p r o p r i a t e action a c c o r d i n g to a m e m o r i z e d order. B y o b s e r v i n g activity o f i n d i v i d u a l n e u r o n s , it w a s thus p o s s i b l e to d e m o n s t r a t e h o w S M A is i n v o l v e d in t e m p o r a l s e q u e n c i n g o f m u l t i p l e m o t o r action.
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